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PREFACE. 



OmB object of the writer of the present Treatises is, to supply that which was 
wanting in the former part of the '^Library of Useful Knowledge" on me- 
chanical science. In three treatises Dr. Lardner has taken up the subjects— of 
the mechanical agents, or first movers ; — the elements of machinery (statics) ; — 
friction, and the rigidity of cordage. In the present are considered the prin- 
ciples of moving forces or dynamics, the equilibrium of artificial structures, and 
the strength of materials used in the arts : the first is theoretical, and the latter 
three treatises are occupied with the most important matters of practical 
mechanics. 

Dynamics has been too frequently omitted in elementary works as a distinct 
branch of mechanical science, or at most stated dogmatically and without demon- 
stration of its principles, from the circumstance of its being treated by mathe- 
matical reasoning of a high order, and extended into other sciences, as 
physical astronomy, where dynamical problems attain their greatest 'intricacy ; 
the endeavour here has been to use only so much of the simplest mathematics as 
appeared to be unavoidable, and more frequently to exclude it altogether, 
proving the truth of- principles and laws by common logic, or reference to experi- 
mental evidence ; and to confine the subject to its practical limits as a part of 
mechanical katow^odge. ;; Ip a^jcasfos tlhs^'v^iter has endeavoured to illustrate the 
application o^ ^s|racVp!^ci]^e ^^i^fh&bjce to objects in nature and proceedings 



in art. « » , * • ^ ^ 

« ^ • <* 



The treatise on Iheu (^v^Ryp^^fQiC' of Machinebt has been so divided as to lay 
before the reader^:^ — in^tb&^r^t pj^^^z^ J^ number of elements or simple parts used 
in various kinds of mac^n^r^'tp^otgrry on and change the direction of motion, to 
produce straight from curvilineal, and curvilineal from straight, slow from fast, 
and irregular from regular movements. They are, therefore, the fundamental 
portions of every machine, and the explanation of their functions will enable 
the student to analyze the working parts of any machine]^ ; — Secondly, to illus- 
trate the building of our most modem machinery by examples of those used 
for the most general work, such as turning, planing, hammering, punching, cut- 
ting, wheel-cutting, and printing : these have been chosen because their operations 
are so evident as to require little description of the work done, others, perhaps 
more remarkable to the mechanical eye, such as spinning and weaving machines, 
developing their beauty by a long explanation of the articles made : — Thirdly, to 
explain the instruments by which the working poller of machines is determin- 
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iT PREFACE. 

able : — and lastly, to supply the latest information relative to that grand con- 
sideration in the formation and use of any machine — ^the amount of the friction 
of substances when at rest or in motion. The apparatus of M. Morin, and his 
manner of using it to determine the coefficient of friction, have been given with 
some detail, as much instruction may be gained from the elegance of the instru- 
ments and the mode of experiment. 

The Equilibbiitu of Stbttctitbes is devoted to buildings in wood and stone. 
The former embraces structures made up of framework, and, commencing with the 
stability of the simple frame often used at the well's mouth to draw up a bucket, 
proceeds to roofs, domes, and centres for bridge-buildings. In the latter part, 
those structures built up of small pieces, as stone and brick, are considered, from 
the equilibrium of two irregular stones, one resting on the other, to walls and 
arches. The latter part of the treatise is mostly practical, in wnich the vrriter 
has endeavoured to explain, in few words, the proceedings of engineers in erecting 
bridges, in stone, wood, and iron, including the suspension principle, and to give 
some of the results of their experience. Illustrative descriptions of a number of 
bridges are added, which generally prove most instructive ; those of the Britannia 
and Conway tubular bridges, to which comparatively considerable space has been 
devoted, deserve much attention, as showing what may be effected by persevering 
experiment on well-founded principles. 

With the last treatise, on the Stbength of Matebials, some trouble has been 
taken to collect and condense the great amount of scattered information supplied 
by numerous experimenters. Our knowledge of this subject has greatly increased 
within the last fifteen years, and deserves a collection and careful collation : this 
is wanting ; but it is hoped that the reader who desires not to be ignorant of the 
principal things known, and the principles deduced from modem experiments, will 
find a practical statement of them in the present treatise. 

The mention of our age and nation are sufficient to answer for the remark, that 
the subjects contained in the present voUipg^e d^segrve ^on^e attention from all in 
the community: it is enough for thosbS W]Xo^sA;*tneii» jands* Id ;&hy division of 
labour to study each point in its practical m}nuten^ssj^ but of *tne* leading prin- 
ciples which guide in the construction and cau&*th^ fij^iSt &e4ton and endurance 
of machinery and other structures, none nhgu}^ b*e* i^oHnt.* For this general 
information the treatises are designed, and tlje ^t^jBpJita'eWe&voSired, throughout, 
to state the results of human invention in a mann^*tHal*sholfM require nothing 
but the simple exercise of human reason and judgment to understand. 

a. FINBBN WARR. 
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FOURTH TREATISE. 

DYNAMICS. 

Chaptea I. — Nature of the Subject — we attempt to calculate the effects of 

Definitions, forces acting on mobile bodies, all 

particulars must be considered. The 

(1 .) In the study of the phenomena of qualities of substances, as density, 

solid bodies with reference to the action mass, and weight, are in frequent use 

of forces upon them, which form the in dynamical investigations, 
proper objects of the science of Me- (6.) The density ofa solid body may be 

chanics, it is both philosophical and definedtobe the relative closeness of its 

convenient to divide the subject into particles or atoms ; the more compact a- 

two parts — one under which is classed body is, the greater is its density. For 

that condition of matter termed rest, or instance, platinum, the heaviest of the 

where forces are opposed by equal metals, is above 22 times as dense as 

forces ; the other comprising every con- pumice-stone, which will float upon 

dition of motion, or where forces are water. Water at 60° (Fahrenheit's 

not opposed by equal forces. These scale) is taken as the unit of measure of 

branches are called statics, or equili- the specific gravities or densities of solid 

brium ; and dynamics, bodies. In the treatise on Hydrostatics 

(2.) In the former treatises, pub- the reader will find a table of specific 

lished under the direction of the Society gravities. 

for the Diflusion of Useful Knowledge, (7.) The word mass means quantity 

the science of equilibrium or statics was of matter ; so that to find the mass of a 

partially considered : in the present body it is necessary to take the product 

treatise, therefore, we shall direct our of the density and the size or volume, 

attention to that division of the science . If we have a volume of lead, and one of 

called dvnamics. iron, each containing eight cubic inches, 

(8.) The word dynamics means the their masses are not equal ; for the 

science of moving forces generally; it is density of lead is about 7, and of iron 

understood, however, to be applied to about 1 1 times that of water ; tlierefore 

the conditions of solid bodies in motion, their masses will be found respectively 

the effects of forces, and relation be- 7 X 8 = 56, and 11 x 8 = 88, or the 

tween bodies in motion. We have thus mass of the iron will be to the mass of 

presented to us a wide, though most lead as 88 to 56. Confusion frequently 

useful, field of inquiry. arises in the mind from considering the 

(4.) The principal element which dis- mass and weight as identical, which 
tinguishes dynamics is time — a principle they are not, as may be seen from the 
which enters into every problem ; time following consideration. A cubic inch 
is measured by motion ; without motion of lead weighs on the surface of the 
we should have no idea of time. The earth 6J oz. ; on the sun it would weigh 
apparent motion of the sun and stars 1 1t^ lbs. ; so that the weight of a body 
is the foundation of our information re- varies according to its position with re- 
specting time. In simplifying any pro- ference to another body which attracts 
blem for the purpose of calculation, the it, but the mass remains the same in 
time taken into account is generally one both cases, 
second. (8.) The term force is applied to sig- 

(5.) In the science of statics every nify a producer of" motion, or a resistant 
case becomes simple on account of the to motion. Tlie idea of force is gene- 
non-interference of such circumstances rally associated in the mind with ac- 
as the weight of materials, and the par- tivitv ; we know nothing of the nature 
ticular constitution of matter; but when of ^rces in themselves, but by the 
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2 MECHANICS. 

effects produced on any body. When and that it occupied 5 seconds in its 

motion commences, we say a force passage ; to find its rate j)€r second we 

caused it ; or if a motion be suddenly must of course divide the whole dis- 

destroyed or retarded, we also say a tance run by the time of running, that 

force effected it. There is, however, a . 1^2 -= 20 ; therefore the velocity 

measure of force in the velocity of mo- "» 5 

tion which it creates. per second of the ball's motion was 20 

(9.) Velocity is associated with force feet. Showing the velocity, we can 

in consequence of an apparent relation find the time which any body will take 

between them. If we suppose a body to run any required distance, or the dis- 

to be composed of a number of particles, tance it will run in any required time, 

any force applied to it will produce in in the first case, if the distance be 

each particle a certain rate of motion or given, as 100 feet, and the velocity 20 

velocity ; if there be twice the number . ^ , ^. 100 w, .,^ 

of particles the force will be distributed ^^t per second, then, _. - 5 , the 

amongst twice the number, so that half ^^^^ ^ ^^^^^ ^^ioye ; in the second 

the velocity will result. Forces are ^^g^^ ^gj^ ^^^ ^.^^ velocity, the dis- 

therefore known by the velocities they ^^^^ ^.^^^ ^ ^ ^^^ jn 5 seconds will 

can produce in any masses. Practically ^^ ^ ^ 20 = 100 feet, 

considered they are supplied by air, /jg.) From this simple illustration we 

steam, water, gravity, springs, and am- deduce the following results :— 

mal exertion. 1^ The velocity of motion of a body 

is equal to the quotient of the space 

^ ,T ^r ... J- r, divided by the time. 

Chapter II.— Umfomi moiton,— Forces o. The time of motion is equal to the 

acting ohbquely,— Relation of bodies tn ^^^^^ divided by the velocity. 

motion, 3^ The space described is equal to 

, , . . ., .- , the product of the velocity and the 

(10.) A BODY is said to move uniformly time* 

when its velocity continues the same ^^^\ Although we took the motion 
during the time of motion ; so if a ball ^^ ^ ^j^^ ^^ ^ j^^gj surface for illustra- 
could be made to run along the ground ^j^^^^ ^^^ considered it uniform, we 
at the rate of ten feet in one second, ^^^^ ^ experience that, with what- 
and twenty feet were described m two ^^^^ ^^^^^ ^ ^^ ^^ ^^^^ ^ n,o^e 
seconds, we should say it- moved uni- ^^ surface, the velocity gradually 
formly. This is simple enough if we decreases; if the ball be made to move 
could obtam motion thus equable, but ^^q ^^^^ j^ 5 seconds, it moved more 
that is not possible naturally : we meet ^y^^^ gO feet in the first second, and less 
with no uniform motion m nature ; the ^^^^ gO feet in the last second. The 
qualities of matter are such that when j,^i,^ j^^ j^^ ^^^^^ ^^ ^^ji^j^^ ^^ to con- 
any motion takes place it is either acce- ^^^^ j^jg^ ^^ie opposing power of fric- 
lerated or retarded, from thestonethrown ^^^ ^^^ ^^^ resistance of the air, 
carelessly into the air to the great pla- ^j^j^j^ ^^^ continually retarding its mo- 
netary bodies which move through space; tj^^ whereas the force which impels 
the same circumstances may be observed, ^^^ ^^^ ^^ ^^^^^ ^ momentary im- 
that where matter causes motion m jg^^ According to our conclusions 
matter by its attractive power, that mo- ^^^^^ ^^^^^^^ ^^e velocity was supposed 
tion will not be uniform. uniform, which would be the case if the 
It might be considered, from these retarding forces could be put aside; this 
remarks that it is of little value to con- assertion cannot be shown to be true by 
sider uniform motion ; but it will be seen ^^^ ^^ experiment, but may be de- 
that we found our calculations of van- ^^'^^^ f^^^ the nature of tfie thing, and 
able motions upon the supposition of ^j^^ argument which experiment sup- 
uniform motions. Again, we have uni- jj^g ^f ^^ ^^^^^ ^ ^^ ,J,1 ^ ^all along 
form motion, practically speaking, m ![ rough road, it quicUy comes to a state 
7l iTwe observed, in art. (9.), that of rest; if it be tried on a smooth and 

the velocity of any motion was to be , ^hesc rules may be sUted more conveniently, 

measured by the time and space, or dis- by putting » for velocity, t for time, and# for space, 

tance. Suppose a ball was allowed to '^^^^» ^ ^^ 

run with a uniform motion for 100 feet, *^7 ' *~v ' «-»'• 
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leyel pavement, it will run much far- 
ther; if it be projected on a sheet of ice, 
it will appear for some time to move with 
the velocity at first given, and run to a 
great distance. It may be argued from 
this, that if we could prevent the little fric- 
tion between the ball and the ice, and 
the resistance of the air, the ball would 
never stop. 

(14.) The principle we have here de- 
duced forms part of the first of the cele- 
brated laws of motion, as stated by Sir 
Isaac Newton in his Principia*, which 
is, that all bodies will continue in their 
state of rest or motion ; that is, if they 
be in motion they have no tendency or 
power to stop, and if at rest no power 
to move; the latter assertion is easily 
acknowledged, as we find that every 
body resists our efforts to move it, but 
the former cannot, as we have seen, be 
so plainly shown to the physical senses; 
indeed many of the old philosophers 
supposed that rest was the natural state 
of matter, which it always sought when 
in motion, and accordingly termed this 
passiveness of matter inertia, or idleness. 
(15.) The effect of this law is of great 
consequence in mechanical contrivances 
for producing motion ; for it is easily seen 
that when the least possible expenditure 
of power is required to be made we 
must reduce the retarding causes, of 
which friction is the most important at 
moderate velocities; and also that when 
we have made the machine work as 
freely as possible, we require but the 
power to balance the retarding forces 
when the whole is in motion; when that 
is effected, the machine will continue to 
work uniformly if the work to be done 
offers a uniform resistance. Such con- 
siderations prevent the undue expendi- 
ture of power and useless wear of the 
parts of a machine, which are points of 
great importance in practical mechanics. 
(16.) It may also be observed, that 
whatever amount of force is exerted, 
above that which is required merely to 
produce motion, will increase the velo- 
city of the mobile parts of the machine; 
in the case of a railway train, for in- 
stance, a certain amount of power is ex- 
erted by the locomotive engine, which 

* 1. That every body perseveres in its state of rest 
or uniform motion in any direction* unless urged to 
change that state by forces impressed. 

2. That change of motion is proportional to the 
moving power impressed, and is in the straight line 
in which that force is impressed. 

3. Action is always contrary and equal to redaction, 
or the actions of two bodies upon each other are 
equal, and in contrary directions. 



produces motion in the train ; once mov- 
ing, the engine is required only to over- 
come the friction of the moving train 
and the resistance of the air, when the 
train runs on a level ; but as the engine 
has more power than is required for 
those purposes, it continues to exert a 
pulling force on the train, which in- 
creases its velocity till it reaches a cer- 
tain rate called its maximum, that is 
when all the forces become equal. 

( 1 7») We have hitherto been consider- 
inp. the effect produced on a body by one 
force; if two forces act at the same time, 
the result will vary according to the rela- 
tive direction and intensity of the two 
forces. When a body in motion is im- 
pressed with a fresh forq^ acting in the 
same direction, the effect will be an in- 
crease of velocity in the original direction. 
If the force act oppositely there will be a 
decrease in the velocity of the moving 
body proportional to the force. The 
third condition proposes to consider the 
effects of forces acting obliquely, or per- 
pendicularly to each other. 

(18.) In a former treatise on Mecha- 
nics it was shown that when two or 
more pressures act on a body it will take 
up some position of rest or equilibrium, 
which may be drawn geometrically, ex- 
hibiting both the direction and amount 
of the pressures. The same may be 
done in the present instance; the 
amount of the forces impressed and the 
direction of the body's motion being 
expressed by a simple construction. 
We suppose at present that the forces 
are acting in one plane, and the body 
free to move in that plane. 

(19.) Let it be required to find the 
position of a body at any time, and the 
distance run when impressed by two 
equal forces acting at right angles to 
each other. 

Fig, 1. 
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Draw the ,two lines AX, AY to 
represent the direction of the two forces 
at right angles to each other, and mea- 
sure an equal length, as AB, AD, 
equal to the distance the body would 
have run by the effect of each force 
separately, then draw B P parallel to 
A D, and D P parallel to A B, and the 
point P will show the relative position 
of the body impelled by both forces con- 
jointly, having occupied the same time 
as it would to move from A to B or D 
by the solitary action of each force*. 

(20.) As an illustration of this con- 
struction, suppose a ball at A to rest 
on a smooth surface and be struck by 
two equal forces, each o^ which would 
produce a veloaity of 2 feet per second; 
what velocity will the two forces acting 
perpendicular to each other produce, 
and how Tar will the ball have travelled 
in 2 seconds ? By the principles before 
mentioned, the space described in 2 
seconds by a body moving at the rate of 
2 feet per second is 4 feet ; then taking 
any unit of measure we please, as A a, 
we may measure it four times on each 
line forming the two lengths A £, AC; 
the body therefore will describe the line 
AP* in the two seconds. To find the real 
amount required, it must be remembered 
that to calculate the hypothenuse of a 
right-angled triangle we take the square 
root of the sum of the squares of the 
other sides t, so that in our figure 



we have merely to measure on that side 
in the direction of which the force acts, 
a proportional number of units. In 
fig, 2, the forces are represented un- 
equal ; that in the direction of A Y 
producing a velocity of 3 per second, 
while that in the direction AX is 6, 
and the body will describe the diagonal 
A P) and may be found as before. 

(22.) Where the two forces do not 
act at right angles, they either partially 
destroy or assist each other. The latter 
is the consequence when their direc- 
tions make an acute angle, as in^. 3, 

Fig, 3. 
Y/ 




AP' = VAE2-j-EP'«; we have the 
length of A E = 4 feet, and E P' is also 
equal to 4 feet, being equal to AC, 
therefore 



A P' = ^/ 16 -h 16 = is/ 32 = 5J 

nearly. From this we find that the re- 
sulting velocity will be about 2| feet, 
and the distance run in two seconds will 
be above 5^ feet. 

(21.) When the forces are unequal, 

Fig.% 




by which it will be seen that the in- 
crease D E, in the space described in 
the direction A X, is owing to the 
obliquity of the direction of the force 
in A Y. The calculation of the space 
and velocity in this case is rather more 
difiicult, as the distance D E must be 
measured. Suppose the velocities and 
times as before, namely 2 feet per 
second, and 2 seconds the time of mo- 
tion; then, 

AP2= AD3-|-DP3-f2ADxDE* 
in the figure D E s=: 2 of the spaces or 
units,' therefore we have 

A Ps = 16 -f 16 + 16 = 48, 

and A P = ly 48 = 7 nearly, so that 
the ball will have a velocity of 3J feet 
per second, and move in two seconds 
through 7 feet. 

(23.) The other form of oblique ac- 

Fig,4, 



* See Chap. 7> Mathematical JUuttratlonf, 
t Oeometry, Book L Prop, 36, or Eudid, L 47. 
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tlon is shown in fig. 4, whence it 
appears that the distance run is dimi- 
nished, or that some part of the two 
forces has been destroyed. Measuring 
the units on each line as before, we find 
that the ball has progressed in the di« 
rection A X but one-half the distance 
due to the force in that direction alone, 
for, drawing the perpendicular P £, it 
bisects the line A D. Then to calcu- 
late the real space described and velo- 
city of motion as before, again using the 
same amounts, 

AP8=:AD« + DP2— 2ADxED. 
D E being equal to 2 units, 

A pa = 16Jh 16 — 16 = 16, 

and A P = «y 16 s= 4 ; therefore the 
ball will move with a velocity of 2 
feet, and the distance run in 2 seconds 
will be 4 feet. 

(24.) When any body in motion is 
acted on by a force at right angles to its 
line of motion, a similar effect to that 
already described is produced. If the 
ball A, fig, 5, be moving toward X 



sents a complete obstruction to the 
current. Let A B, fig, 6, represent a 

Fig.e. 





and when it reaches the point B, a 
force acts upon it in the direction B Y, 
the ball will move towards P, and de- 
scribe B P in the same time in which it 
would have described B D or B C by 
the action of either force alone. 

(25.) What we have stated in the 
preceding articles follow from the 
second law of motion. In the first 
treatise the principle was referred to 
statically, that is, showing that two or 
more pressures might be equilibrated by 
a pressure in the direction of the re- 
sultant of all the pressures ; in the pre- 
sent case we suppose no equilibrium to 
be established, but use the same means 
to find the resulting motion. 

(26.) The effect of the action of two 
forces is very strikingly illustrated in the 
turning of a vessel by its rudder,-'-^ 
little instrument^ but holding an asto- 
nishing influence over the motions of 
the vessel, which presents but little 
direct resisting surface to the current, 
while the rudder, when turned so as to 
be perpendicular to the stream, pre- 



section of the rudder, the current run- 
ning in the direction of the arrow D ; 
the effect of the force upon the oblique 
surface of the rudder may be found by 
drawing the line D E perpendicular to 
B A, to exhibit the resistance of the 
rudder, F E parallel to B D, and join- 
ing B F ; then the force represented by 
D F is resolved into two, D B and D E ; 
the former exerts no influence on the 
rudder, but the latter tends to push it 
back; this being prevented by the 
helmsman, the head of the boat will 
move as indicated by the arrow R, 
until the rudder is again in the direc- 
tion of the stream. 

(27.) Again, the arrangement of the 

crank-rod of a steam-engine affords an 

instance of loss of power, which may 

be shown by this principle. Let A B, 

fig, 7, represent part of the beam of a 

Fig,1, 




steam-engine, and A K. the crank-rod ; 
then the beam, in descending, pushes 
in the direction pf the arrow D; this, 
however, is not the line in which the 
resistance of the crank-rod is directed, 
which is K A ; therefore if we draw the 
line A C along the crank-rod, A D for 
the direction of the n\«i\Q\v Q^>>cvfe\s««s».^ 
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and form the parallelogram, A £ CD, we only necessary to add the amount to its 

find that the crank-rod receives the force distance ; thence we deduce as a rule 

A C, the remaining force A E serving for bodies moving in the same direc- 

merely to wear away the axis at A, and. tion : — 

derange the parts of the machine. The distance between two bodies at 

We may here observe that the less the any time, when moving uniformly, is 

crank K R, and consequently the less equal to the difference of the distances 

the angle CAD, the less will A E be; moved by each*. 

the crank, however, must not be short- (30.) Suppose an army to set out for 

ened beyond a certain amount, other- military operations 100 miles distant, 

wise the loss there would he as great as travelling at the rate of 20 miles a day ; 

the loss from the first-mentioned cause, and a day after a brigade commences 

(28.) We have hitherto examined the the same march, but at the rate of 25 

effect of forces on a single body, where miles a day ; how far will they be from 

two or more bodies are in motion, and each other at the conclusion of the 

we require to establish a relation be- fourth day's march, reckoning from the 

tween them, or to find their relative time the brigade started ? In this case 

position at any time, the motion of each the army has 20 miles start of the bri- 

must be first determined, and then their gade, and is moving at a slower speed, 

relation may be found. For instance. Then, 20 x 4 -|- 20 — 25 X 4 r= 0. 

suppose two men to be running in the They will consequently meet after four 

same direction and at the same speed, days' march ; and also they will have 

one having the start of the other by 20 reached the place of action, 
feet, they will evidently be 20 feet dis- (31.) Again, suppose it were required 

tant from each other at any part of their to make a sidingf on a line of railway 

journey, and 20 feet also when they at such a distance from the terminus 

stop; but if the speed of the first be that a luggage or slow train, moving 16 

greater or less than that of the other, miles an hour, and starting regularly 

he will either increase his relative dis- three hours before a fast train which 

tance, or the second will come up with moves 36 miles an hour, may arrive in 

him. On account of its simplicity we time to run off* and allow the fast train 

will again make use of a rolling ball to to pass without stopping. The luggage 

establish a rule. train has a start of 16 x 3 = 48 miles, 

(29.) According to a former rule but in this instance no time is given, he- 
art. 13), a ball moving at the rate of 3 cause thc^ time of their meeting is re- 
eet per second, will have run in 5 quired to find the distance run. Taking 
seconds, 5 x 3 as 15 feet; suppose the form given by the last example, we 
another to start at the same time in the have, 16 X time -|- 48 — 36 X time := 0, 
same direction, with a velocity of 2 feet, that is, the distance between them is 
it will have travelled in 5 seconds, nothing, or they meet, which is accord- 
5 X 2 = 10 feet; therefore the dis- ing to the conditions of the problem, 
tance between them is the difference of Transpose 36 X time to the other side, 
these distances, or 15 — 10 = 5 feet; and divide by the time; then, 
if either had any start of the other, it is 

16 -f 4^ = 36, or -i^ =36 — 16 = 20, or 48 = 20 X time, 
time time 

and lastly _ = time, = 2^. We have thus easily found the time; then we have 

for the distance of each train from the terminus, 

16 X 2^ -f 48 = 86;, and 36 X 2J = 86|; 
therefore the siding must be made about 86; miles from the terminus. 

• If ( = time, V = lesser velocity* V = greater velocity* s and S = space described by the balls moving 
with the lesser and greater velocity respectively, and D = start of either ball» then S — #= (V — ») tT D«; 

so that to find the time when the two will meet, if that be possible, t = _£-. 

V— » 
t A ** siding** is an extra pair of rails laid beside the regular line, on whkh luggage fend parUamentary 
trains may run, to enable regular passoager trains to pass by them. 

"> The negative sign being used whoi the ball moving with the ksser vdoeity has the start, and the 
itire In the other case. 
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Chapter III. — Momentum and Collision, which it cannot be compared, but 

greater than a ball moving at the same 

(32.) In the application of forces to rate, and of 1 lb. weight. Again, if 

produce any required effect, an instru- -there be two balls of 21 lbs. each, giving 

ment or machine is generally made use of them the same velocity, they will pro- 

to modify and direct the force in a proper duce an equal amount of effect ; but if 

manner, so that the applied force acts one be driven with a velocity of 1000, 

either as a pressure or as an impulsive and the other a velocity of 2000 feet per 

power. These two forms are generally second, the momenta are, for the first, 

quite distinct from each other, their 1000 x 25:= 25, 000; and for the second, 

effects being of such a kind as to prevent 2000 x 25 := 50,000, which is double 

any just comparison between them. We the first amount. 

shall, in this chapter, consider the na- So also we may find the velocity 

ture of this impulsive force or impact. required of any moving body whose 

In our previous examinations, forces weight we know, to produce an eff*ect 

were treated of independently of the equal to any given amount ; for as the 

body or bodies to which they may be momentum := mass X velocity, so the 
applied. By experience we know that momentum 

to raise a hundred weight we must bring velocity required ^ — — — If a 

into action more force than is required , „ ^ -^ ,, • . i ' , . /. 

to raise half that amount ; ^ and if the ^^l^/r^^ ^^^' "^^'^^^ i'^T® * velocity of 

two bodies be thrown from the hand, .^^??/^^* P^^ second, its momentum 

they will strike any obstruction with is 50,000; then a ball of 20 lbs. weight, 

very different amounts of force: a to have an equal amount of momentum, 
worsted ball may be thrown against a ^ , , . , , 50,000 

window without breaking it. while a wust have a velocity equal to -g^- = 

brass ball of a similar size would imme- 2500 feet per second, 
diately produce a fracture. Again, when (34.) The force of momentum is a re- 

a light hammer is used to perform any suit which follows from the principle of 

work, we make it descend with greater inertia : if we expend so much force to 

speed than if it were a heavy hammer, put any body in motion, by the nature 

We learn, therefore, from daily obser- of matter it will require as much force 

vation, that in the intervention of matter to destroy that motion. Although this 

between forces and the objects to which is self evident, its general effect was 

they are applied, there are circumstances very imperfectly considered in the early 

which ought to be considered. states of society. They were content 

Of equal masses the velocities are with the most rude applications of the 

proportional to the forces. power, as is seen in their military 

With equal forces the velocities are engines, 
inversely as the masses moved. The peculiarity of the force of mo- 

With equal velocities thp forces are mentum is that its effects upon solid 

proportional to the masses. bodies are local, or confined to the spot 

(33.) The quantities which enter into where the force is applied, especially 

the calculation of the effects produced whenabody moves with a great velocity, 

by moving bodies are the mass of body If a child press on a pane of glass with 

and its velocity of motion. These, his finger, if not sufficient to withstand 

multiplied together, constitute the mo- the force it will fracture in several 

mentum of the body, or its quantity directions ; yet a small shot, movin?r 

of motion. with considerable velocity^ will pene- 

This force can therefore be found and trate the glass and form a small hole, 

compared in any number of bodies when leaving the other part of ihe pane 

these two quantities are known. We undisturbed. It appears, in such a case, 

say compared, because it is not referable that in consequence of the instantaneous 

to any standard, as we speak of a pound action of the force, sufficient time does 

or ounce weight. Thus, suppose a can- not elapse to enable the particles of 

non*ball of 15 lbs. weight, and moving glass which are struck by tlie shot to 

with a velocity of 1500 feet per second, communicate motion to the particles 

to strike against a wall, we might say its around ; they are instantly torn away, 

momentum, according to the above rule, and the action of the force is no longer 

is 1500 X 15 1= 22,500, not pounds exerted on the pane. In the pressure 

weighty for weight is a pressure, with of the "finger tUet?i \a Vavsvi^ ^waw^ ^'^a.x 
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the effects of the force to reach every acquainted; so that all matter is but 

particle of glass in the pane ; and as the partially elastic. 

pressure becomes greater those parts (87.) The different elastic power of 

give way which, from several causes, substances is very plainly observed by 

ave the least cohesion. No pressure the following apparatus. From the 

would therefore produce the same effect Fig, 8. 
as the small shot moving with a high 




velocitv. ^*' 

From this distinctive character of the *^p 
eflfbcts of momentum, it is always used 
where a sudden effort is required and 
great resistance to be overcome. For 
the purpose of driving a nail into a 
piece of hard wood a pressure would be 
incompetent ; but a few quick blows 
from a small hammer are generally suffi- 
cient. In the operations erf a siege this 
force is most useful : it may be required 
to destroy a wall or other obstruction 
which is of so great a mass that no 
pressure would be serviceable; but by 
cannonading, the stones forming the 
wall are loosened, a groove is gradually hooks at A are hung, by fine threads, 
cut out ; and this being repeated at two balls of the substance intended to 
another part, the wall between is be tried. They must be of equal weight, 
weakened : the whole fire is then di- and suspended so that, when they touch, 
rected against the weakened portion till their centres may be at the same distance 
it falls. from the point of suspension. Imme- 
(85.) There is an important considera- diately behind them is the scale B C, on 
tion arising from these statements, which which is described the arc of a circle, 
is that every machine should be made of divided into equal parts, commencing 
a weight or mass proportional to the fVom the lowest point, which is 0, or 
weight of the work for which it is zero, and numbering upwards on each 
intended. This forms a conspicuous side. If the balls be raised to equal 
element in the construction of any distances on each side of the point 0, 
machine ; and proper acyustment in this and allowed to fall, they will meet again 
respect contributes mainly to give regu- at the point 0, when their elastic quality 
larity and apparent ease in the perform- allows of an instantaneous compression, 
ance of the several parts. The fly- when the balls separate and fly back- 
wheel of a steam engine affords a striking wards from each other, ascending the 
instance of the value of mass in a ma- arc through which they descended, but 
chine ; for its momentum when in mo- not exactly to the same height ; the 
tion being so greatly superior to any difference between the length of the arc 
sudden resistance which it is likely to descended and the length ascended, will 
receive from the machinery driven, the exhibit the elasticity of the substance as 
engine will suffer no perceptible derange*- compared with perfect elasticity. If it 
ment in its motion. had been perfect, the balls would have 
(86.) When two or more bodies come ascended to the point whence they com- 
into collision with one another, and are menced descending. Suppose they were 
moving or free to move, the subject two balls of box wood, it would be found 
becomes more extensive ; for a most that, if lifted to the division marked 6, 
useful and well-known property of mat- and let fall, they would, after striking, 
ter must be considered, namely the elas'- return up the arc to about the division 
iiciti/ of solid bodies ; that is the power marked 5. Perfect elastic power would 
which any substance has, when com- have returned them again to the sixth 
pressed or bent, of returning to its ori- division ; but being partial only, these 
ginal form. This singular property is numbers express the ratio of the elas- 
not possessed equally by all substances : ticity of box wood to perfect elasticity, 
lead has but little elasticity, while glass or as 5 to 6, or {. This apparatus was 
IS almost perfectly elastic, and the most used by Newton, and is described in his 
eJa3tic substance with which we are great work, the Princijaia, He thus 
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found that, with balls of worsted, the centre ofgravity is situated in the centre; 

ratio was 5 to 9; with ivory, 8 to 9; consequently, when two bsdls of the same 

and glass, 15 to 16. The elastic power size strike each other on a plane, their 

was therefore f, {, y*. centres of gravity and point of contact 

(38.) If any substance were quite in- will be in the same straight line, 

elastic, equal masses of it, moving in op- 2<*iff 9 

posite directions with equal velocities and °' 

coming into collision, would immediately B A 

stop ; for the momenta would be equal, ^m^C ^ -<«f^^ 

and consequently neutralize each other. \. J V y 

The investigation of the effects of ^ 

moving bodies on other moving or Suppose the ball A, of 2 lbs. weight, 

moveable bodies is much simplified by {fig, 9,) to be moving along C D at the 

considering them as non-elastic. We rate of 4 feet per second, and to strike 

shall therefore state a few general laws another ball B, also 2 lbs. weighty 

of collision, when it will be easy to moving in the same direction, as indi- 

apply the correction for partial elasticity cated by the arrows, with a velocity of 

to the results obtained. 3 feet per second, the rate of motion of 

1. If two solid bodies be moving in both, after collision, will be 

the same direction, the common velocity, A X its velocity + B X its velocity 

after collision, is equal to the sum of the — _____ , ; 

products of the masses and their veloci- ^ jl.0. *\ *i^f\ 

ties, divided by the sum of the .masses. ^^^^ jg ^ *r"*" ^ ^ *^ ^=^feet per se- 

2. If two bodies be moving in opposite 2 -|- 2 . ^ 
directions, the common velocity is equal cond. If the balls be unequal in size, so 
to the difference of the products of the that A = 2 lbs., while B = 6 lbs., then 
masses and velocities divided by the sum 2 x ^r+ 6x3 '^p ^ ... 
of the masses 2^^ = ^feet per second for 

3. If one body be at rest and the their resulting velocity, 
other in motion, the common velocity is j?- 1 
equal to the product of the mass and • -^«g. lU. 
velocity divided by the sum of the -^ ^ 

masses. /^^,^>. r^\ 

(39.) The most simple manner of ill us- \^ J^^ "^^ v J 
trating these laws is by supposing the 

masses to be balls ; because it is requi- In the second case the bodies move 
site to exhibit the proper effects of col- in opposite directions. Let A = 3 lbs., 
lision that the two bodies strike each having a velocity of 5 feet per second ; 
other so that the line joining their centres and B = 3 lbs., with a velocity of 3 feet 
of gravity may pass through the point of per second ; move in the directions de- 
concussion ; if it do not, the effect of the noted by the arrows ; after impact their 
impact will not merely be an increase or velocity will be 
decrease of velocity, as by the above A X its vel. — B x its vel. 

rules, but complex motions ensue, as AT+B ^' ^' 

We shall have occasion to notice when 3 ^ 5 _^ 3 ^ 3 

speaking of rotation. In spheres the ^ ^ = 1. That is, B will 

■ — — ■ have its original motion destroyed, and 

• The above is merely a roujjh statement of the ^OVe with a velocity of 1 foot per 

method of determining the elasticity; for the veloci- second lU the direction Ot A S motion. 

Ues acquired in faUing down arcs of circles are as the jr a . motion wprp Ipss than that of B 

chords of the arcs; so that if we let a ball fall from "AS mouon were less man mac 01 x>, 

A, and after collision with the the resulting quantity would be minus ; 

Suo'i^iKtaSnreSM /r that is, U wouW move in B's direction. 

the arcs, C 5 B, and C 6 B a A, XL r^. , ^ 

but the chords of the arcs, C B, / 1^ rig,\\, 

C A, which express the ratio of ^ ' 

the velocities. In experiments, 

the chcnds of the arcs must be 

measured. The chords of small 

ares, however, diftr but little C 

m>m tiie arcs themselves in 

lengthi and the smaller the arc the smaller the diflRer* t^ ^i.^ ♦l,;-J e%^„t^ «,«« >vr«r1.r ;<> «i- .^^a^. . 

en«.S^meexcellentexperimentshavebeenmadeon !« the third Case one body IS at rest; 

the dastidties of diflfeienc subsumces by Mr. Eaton then if A be a ball of 5 Ibs. weieht, 

Hodgkinion. to wtaoh we .hall have occasion to ^^^^^ ^^ ^^^ ^^^ ^^ 4 f^^^ p^^ 
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and B another ball of S Ibi. vdebt, at 
rest, both balli, after impact, viUmoTe 

DB with a velocity of . :-, = 2 feet per 
aecond. Thiu the body in motioD trani- 
miti halfitt Telocity to the body at rest, 
both tteing of equal mass. 

(40.) In the collision of partial]}' elas- 
tic subsCances we shall find that if two 
balls, under the above -memiuned condi- 
tions, meet, thej will not move oD to- 
gether, there being a recoil of the im- 
pinging ball proportional to its siiperior 
velocity to that of the second ball, and 
the elastic power of the substance. 




each case two equal elastic balls meeCinc , . - . . ■. ,- . - 



will exchange their 

Thus, if they move in similar or oppo- 
site directions, the ball having the greater 
velocity will transfer it to the other and 
receive the lesser velocity. Where one 
strikes another at rest, the whole motion 
of the first is given to the ball at rest: the 
striklngball.receiving no motion, remains 
at rest 

J%.I2. 



when allowed to fall they will meet at 0, 
and be driven back, A to the poiut A', 
or 3, and B to B', or 6, nearly ; so that 
they evidently exchange velocities. 





If A B be two equal balls of wood 
ivory, and they be raieed on one side of 
the perpendicular to diflerent heights, 
as in^. 12, A will strike B when they 
reach the lowest point, or D, and recoil 
H little, giving greater velocity to B ; so 
that when they arrive at their highest 
point on the other side, their positions 
will be A' and B'; whence it is plaia 
th^ have exchanged velocities. 

Again, we have said that when the 
two partially elastic halls strike each 
other with equal and opposite velocities, 
they rebound to about the point whence 
tbey set out t they really exchange ve- 
loeitlM. This may be shown by raising 
\ u in^. 13, to the division 



Also, if B be at rest, as In^. 14, and 
A raised aitd let fall, on striking B it will 
stop I while B, taking A's motion, will 
describe tbe arc B B', nearly equal to 
that down wliich A fell, 

(41.) Perfect elasticity would cause the 
following alteration in the rule for bodies 
meeting each other. If the ball A, 
^, 9, struck against B. moving in the 
same diieclion, they would not have a 
common velocity ; but the velocity of A 
would be 



Ax it! 



KA'gYel.-l-2Bxit3¥el. 



and the velocity of B := 
Bx its vel.— A X B's vel.-l-2 A X its vel. 
A-fB * 

so that the diflbrence between this and 
the former rule consists in the addition 
of twice the weight of A and B, multi. 

;lied by their respective velocities. 
'herefore the ratio of the elasticity of 
any substance must enter as a multiplier 



MECHANICS. 11 

into the calculatioD. Suppose the impact of two ivory balls to be under consi- 
deration, the form of the above would be — 

.,,...-. ^ Axitsvd — Bx A'svel. X 8 + (! + *) Bx its vel. 
Velocity of A after impact = A~4r R 

Velocity ofB,fterimpact= °^'^^'"-^^°'-;^'^^3^+^^ + ^>-^^'^^'''- 

Thus, suppose two balls of ivory, A = 3 lbs., its velocity ss 5 feet per second, 
and B ^ 3 lbs., its velocity = 3 feet per second, to come into collision, the velocity 
of A would afterwards be 

8x5^3x5xt + (l+il)3x3 _ 15 — ? + (SMh 5) _ 20| _ 

3 + 3 ^ 3 + 3 — 6 — 3A. 

And the velocity of B s= 

3X 3 — 3 X 3 X 8 + (l +8)3 X 5 9 — 5 + (15+8i) 27i 

3 + 3 "" 3 + 3 — 6— 4^. 

The rule may be applied to the two other cases of impact. When A and B 
move in opposite directions — 

„ , . ^ , A X its vel. — B X A's vel. x 8 — (1 + S) B X its vel. 
Velocity of A = . ^^ ^ 

TT , . r « A X B's vel. X I — B X its vel. + (1 + g) B X its vel. 
Velocity of B == . ^ 

When A moves, and B is at rest, — 

TT 1 . /.A A X its vel. — B X A*s vel. X 8 
Velocity of A = . , p 

VI.. n> A X its vel. (1 + 8) 
Velocity of B = . , ^ . 

These rules apply to all cases where ther ball rest against the opposite side, 
parts of machines come into collision; it would be impelled with the velocity 
and the effects produced may then be of the striking ball, no matfer how thick 
easily determined. or long the interposing body. This may 

(42.) The effect of partial elasticity is be strikingly shown by fixing a long rod 
observed when a stone is thrown upon of wood so that it will not move along 
the ground, or a ball impelled against when struck at either end, and sus- 
the side of a billiard table. If a round pending a ball so as to touch one end of 
stone be let fall on hard pavement, it the rod. If the other end of the rod be 
rebounds to a certain height; if it were gently struck, the ball will instantly fly 
quite elastic it would reach the point off, while the rod has not moved at all 
whence it fell. If it be thrown obliquely, from its position. 

Fig, 15, (43.) In estimating the effects of mo- 

mentum there has been much dispute 
whether the weight should be mul- 
tiplied by the velocity or the square of 
the velocity to express its magnitude, 
which has arisen from the manner in 
which the subject is considered. The 
D first method follows from what we have 
as in fig, 15, it will be reflected to an said of uniform forces : a uniform force 
angle BCD less than that at which it acting on a body for two seconds will 
struck the fixed object, which cannot produce twice the velocity which would 
take any of its motion ; the ratio of the be acquired in one second ; and alao, if 
lines A £, B D consequently express double the force acts for one second, the 
the ratio of its elasticity. Altnough the same effect is produced us in the firsj^, 
fixed object does not move, its particles case ; and as the moving body is spro- 
are put into a state of vibration by the posed the same in both cases, theom a 
impact of the moving body; and if ano- men turn or quantity of motion ^ewOL^ 




12 MECHANICS. 

the same. However, in many instances, continue tketr action upon a body for 
the observed effects of moving bodies on any length of time, for a uniform mo- 
striking solid substances appear to re- tion is the result of the momentary 
quire the square of the velocity to ex- action of a force, but when it acts con- 
press the true value. In such cases the tinuously it will increase or accelerate 
calculation is made with the weight of the motion of a moving body ; a force 
the velocity, multiplied by the height acting under such conditions is called 
which it must have fallen through to an accelerating force, 
acquire the velocity, and the heights are (45.) We shall confine ourselves, in 
proportional to the square of the veloci- this chapter, to the consideration of 
ties.* Thus, if we have a velocity of 2 the accelerating natural force of gravity, 
feet per second in a hammer by allowing the higher branches of the subject be- 
it to fall 4 feet, to obtain double that longing properly to the science of astro- 
velocity we must raise it 16 feet; for nomy, although it is the action of the 
the square root of 16 is 4, which is the same kind of force; by the same law 
velocity required. When, therefore, we we may find the path of a planet re- 
multiply by the height, we multiply by volving round the sun, or the course of 
the square of the velocity acquired in a stone thrown in the air. The most 
falling through that height. The quan- simple observation which we can make 
tity thus obtained is called the vis viva, of the action of the force of gravity is 
force vive, living force, or energy of the the effect of a body let fall from the 
body in motion. hand ; experience teaches us that the 
*• We can value the effect of a power longer it continues to fall, the more 
in two ways ; for example, if we take forcibly will it strike any obstacle, and 
the case of a man, we consider either by the principles of the preceding chap- 
what load he can support, or what work ter, as the weight of the falling body is 
he can do in a given time. In the first the same, its velocity must increase to 
case the forces are compared with a account for the increased momentum. 
dead force, that is with a force which can The ancient philosophers were well 
equilibrate them — the term arising from aware of these facts, but they did not 
the circumstance that they are destroyed consider the true cause of the motion, 
as soon as they are brought into action, and were led into many vague and sin- 
We have shown, then, that the forces gular ideas about the cause of these 
are to one another as the products of apparently irregular movements, 
the masses bnd the velocities ; in the Galileo was the first philosopher who 
second case we compare them to a living reasoned properly on the subject, and by 
Jbrce, that is to one which would elevate experiment verified his theory of the na- 
a weight to the same height in the same ture of the force of gravity. He allowed 
time ; and it is evident that, in this way a ball to run freely on an inclined plane, 
of estimating the effect of a force, the and measured the time it occupied in 
effect is composed of the weight and descending, by the weight of water 

height-)* We wish to compare which dropped regularly from a pre- 

together the elements which form the pared vessel during the ball's descent, 

result of the work when the effect of In this way it was found that when the 

machines or movers in motion is re- ball ran down the whole plane in 4 

quired, that is the weight, height, and seconds, it performed but a quarter of 

time. The effect is then measured by the length in 2 seconds, thus showing 

, . weight X height „ that the spaces described are as the 

the quantity ^.^^ . J squares of the times ; for suppose the 

whole length to be divided into 16 equal 

TTr J f parts, then in 2 seconds the ball will run 

Chapter IV — Acceleraiing forces — down 4 of those parts, or 2 x 2 s= 4 ; 

Gravity, imd ^q describe the whole length it will 
(44.) Under the general term accele- require 4 seconds, and 4 X 4, or the 
rating forces are included all those which square of 4 = 16, the whole length of 
the inclined plane. 

• See Mechanics, TreaUae I., end of Chap. 3. (^^0 The force of gravity, or attraction 

t-tA?Lr*if"!!?'-^'^f?'**;,^'Tu"°*^*5?***"*'T* of the earth, was thus proved to be an 

, the small portion of time d</ then m/d«, or mvdv, i ^* /• . ^ ./. 

the^uai to the efltect produced in the timedu and accelerating force ; in uniform motion 

»°°'>^*S*' ^^T?!^ "fitCX^dt M^ch- »•" *Pf^ »" "* the time. (art. 1 1). but 

the bLp* 808, 0th edit in accelerated motion this law does not 
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hM good. In order that a body may larly for all succeeding times of descent, 
move uniformly, it must, as is remarked [<$<?« Treatise I. p. 11.] The following are 
above, receive but an impulse, whereas useful rules for finding the time, space, 
the action of gravity is continual, so that or velocity of bodies moving by the 
a body in falling must increase its speed, force of gravity. 

A question here arises as to what velo- 1. Space, — The space described in a 
city the moving body has at any time, given time is equal to the square of thai 
and how it may be found. The method time multiplied by the space fallen 
which is adopted to discover this pro- through in one second ; or, if the velo- 
blem, affords a simple instance of the city and time be given, it is equal to 
principle which enables the philosopher one-half the product of the velocity 
to reduce questions where the circum* and the time; or, if the velocity only 
stances are variable and irregular for be given, it is equal to the square of the 
the purpose of calculation. Let us velocity divided by twice the velocity 
suppose that the body whose velocity acquires in falling K>r one second, 
we want to find has fallen from A to B, 2. Velocity, — The velocity is equal to 
Jig, 16, and that it then describes the the product of the velocity acquired by 

jP^„ ^g falling for one second and the time of 

falling; or, it is equal to twice the space 
"tA^ divided by the time ; or, it is equal to 

the square root of the product of twice 
the space and the velocity acquired by 
falling for one second. 

3. Time — The time of falling is 
:J equal to velocity divided by twice the 

space (alien in one second; or, it is 
equal to twice the space divided by the 
velocity; or, it is equal to the square 
root of twice the space divided by the 
I velocity acquired by falling for one 

mmute space, B a, in a very small space second, 
of time, its velocity during that period (48.) The above rules are continually 

will be ^ or the minute space divided "^ed in calculating motions caused by 

time the force of gravity, and will often be 

by the time it takes to describe it ; we referred to as we proceed in our sub- 

therefore consider the motion in this ject. The following instances illus- 

little space uniform, which is strictly trate their application, 

wrong, because the velocity continually How far will a body descend in 5 

increases ; but if B a be a very small seconds? In this question we have the 

space a thousandth of a foot for in- time stated and the space to be found, 

stance — the error will be very small, which according to the first rule is equal 

and if B a be still less the error will to the square of the time multiplied by 

also be smaller, we may thus suppose the space described in one second, or 16 

it finally to be nothing, that is when a feet, therefore the depth a body will fall 

and B coincide; we then find the ve- in 5 seconds is 5 X 5 x 16 = 400 feet. 

locity which the falhng body has at the The question would be very similar if 

point B. we were on the top of a high tower, 

. (47.) By this method we may determine or at the edge of a precipice, and wished 

\he velocity of motion in all cases. Ex- to know the height ; it would be neces- 

^riments have shown that a body in sary to let fall a stone or other heavy 

\ latitude of London falls about 16* body and notice the time of its descent. 

\ in the first second of time firom the Suppose a stone to be dropped into a 

Naning of motion, and according to well, and after 3^ seconds it is heard to 

its velocity at the end of the first splash in the water, we should find the 

i of time is 16 + 16 or 32 feet, at depth to the surface of the water, to be 

d of the second second it will be 12J X 16 = 196 feet. 

e last amount or 64 feet, and simi- The rapid increase in the velocity of 

, any falling body by the action of gravity, 

...m;;i.'';}iti^XiX,^Hy^S^nL^ii^ accounu for tf>e surprising effecte pro- 

mbodyinthelatituddof London falls 193.14 inches, duced bv large hail, whlch fall from a 

jJjlS&S!] '""^^ '^'^' ^^ MatHemaHcai ^^^ ^^^j^^ ^Hailstones have frequently 
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been seen of a considerable weight; in govern the motion of a heaiy body 

the Orkney Islands, in the year 1818, a placed upon an inclined plane, 

haibtorm occurred, when the hailstones (^1*) ^ we place a ball on an inclined 

were of four ounces weight and up- plane, we find it descends in a time and 

wards ; one of them descending from a acquires a- velocity varying with the 

height of 2000 feet would acquire a ve- length and height of the plane. Sup- 

locity of «y 2 X 2000 x 32 = 359 feet pose A B,^. 17, to represent the in . 
per second, and strike any body with as 

much force as a ball of iron weighing ^^' 17. 
about 11^ lbs. falling through the space 
of one foot. 



Cbapteb V. — Motion on the Inclined 

Plane, — Motion on a Curve Prin- 

ciplet of the Pendulum and its Appli- 
cations, — Compensating Pendulums. 

('49.) The constant force which is af- 
forded by gravity may be made subser- 
vient to useful purposes, not only by its 
direct action on any body capable of 
moving freely, but by mechanical arrange- 
ments its effects may be varied to a cer- 
tain extent, so as to produce any required 
result. One of the most extensive appli- 
cations which is made of the force of 
gravity is the production of horizontal 
motion by means of the inclined plane ; 
on an incline the railway train readily de- 
scends without the assistance of the loco- 
motive engine ; at Newcastle an inclined 
plane is used to transport the excavated 
coals from the mines to the vessels. In 
this case the application is ingenious; 
for as the train of loaded waggons de- 
scend, by their weight they draw up a 
train of empty waggons, whose contents 
have been transferred to the colliers; 
these waggons are filled, and in descend- 
ing draw up the first-mentioned train, 
which has been disburdened of its load 
during the interval. Also the properties 
of motion in a curved line, which may 
be considered as composed of a number 
of planes varying in their inclination, 
produced by the same force, furnishes 
us with that most important instrument 
the pendulum, whose applications are 
at once useful and astonishing. 

(50,) In a former treatise on mecha- 
nics, the equilibrium of inclined planes 
was considered ; in that case the forces 
were required to produce rest, but in 
the present view of the subject the op- 
posing forces in practice, which are fric- 
tion and the resistance of the air, are 
supposed unequal to the force of gravity 
acting on the body, which will therefore 
descend alon^ * ' ' . Our purpose 
is therefore e laws which 



dined plane, with the baU b on its sur- 
face, we can find, by geometrical con- 
struction, what amount of force urges it 
down the plane; draw the line b a of 
any length, so that it may represent the 
force of gravity acting in a vertical 
direction, similarly draw 6 c at right 
angles or perpendicular to the plane 
A B, which will represent the resistance 
of the plane, and a c paraUel to A B ; 
then a c will show both the relative 
amount and direction of the force pro- 
ducing its motion towards B. The tri- 
angle a b c is similar to the triangle 
ABC, and their sides therefore are in 
the same proportion, consequently b a 
is to a c as A B to A C, and we may 
use the line A C to express the accele- 
rating force acting down the plane in- 
stead of the line a c ; the line A C is 
the height of the inclined plane, and 
A B its length, whence we may say that 
the force on the inclined plane is to the 
whole force of gravity in the proportion 
of the height of the plane to its length. 
For instance, suppose the length A B 
to be 20 feet, and the height A C 10 
feet, the accelerating force on the plane 
would be as 10 : 20, or igths, or ^; that 
is, the force producing the descent of 
the ball b upon it is ^ that of gravity, 
and it would move with a velocity ac- 
cording to this amount of force. Also, 
if it were required to draw a body up 
the plane, a force greater than the pro- 
portion of A C to A B must be used. 

(52.) From this determination of the 
force acting along an inclined plane, 
we may find the time of descent, and the 
velocity acquired during the descent, of 
any body placed upon the plane. With 
the assistance of the rules of the free 
descent of bodies by the force of gravity. 
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we deduce the following rules for the time that it descends an inclined plane may 

and velocity. be found by a simple geometrical relation. 

1/ The ttTHe of descending down any As the ratio of the height to the length 

inclined ' plane is equal to the square is proportional to the force acting along 

root of twice the length of the plane, the plane and the force of gravity, the 

divided by the ratio of the height to the lines become measures of those forces, 

length of the plane. In any circle, as A C B D, Jig. ] 8, 

2. The velocity acquired in descending draw a diameter, A B, and the lines 

any inclined plane is equal to the ratio AC, C B ; then the force acting along 

of the height of the plane to its length A C is to the force of gravity as A C to 

multiplied by the force of gravity and the A B ; and if a body move from A, it will 

time of descending. Or, it is equal to the arrive at b in the same time that it would 

square root oftwice the length multiplied have fallen freely to a, or to C in the 

by the ratio of the length to the height time it would have reached B. The 

of the plane and the force of gravity. same may be said of any other line 

Suppose we required to know the time drawn from the point A to the cir- 

a body would take to descend an inclined cumference, as AD or A &. In the 

plane of the same proportions as before, latter case the difference of the spaces 

namely the height being 10 feet, and the described, A E, A B, will be very small, 

length 20 feet. By the first rule the time in consequence of the near approach of 
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the line A E to the perpendicular. A 

V - /^ body would also descend along E B in 

iolTS^'^ie"^ V2j= linearly. the Same time that it would fall from 

20 A to B. In the figure the lines A C, 

^, , . .J , , . . , A E, A D, and E B, are the chords of 

The velocity acqmred may be obtamed ^^^ A C, A C E, A D, and E B, 

by the first rule for the velocity, whence ^^^ ^ g j^ ^^^ ^.^^^^^^ ^^ ^^^ ^j^^,^'. 

it is ^ X 32 X li = 24 feet per se- ^^^^'^^^'^ '\^ ''^^^ ^^^^.^"' °^^ ^^^^^ 

2Q ^ ^ 2 r down any chord of an arc IS equal to the 

cond. time it would require to descend through 
(53.) We have supposed the body the diameter of the circle ; and also that 
descending to roll, because the friction the times of descent down aU the chords 
of sliding under ordinary circumstances are equal. This may be verified experi- 
would be very considerable. Otherwise mentally by attaching smooth planes of 
the body should slide; for when rolling, wood to a circle, as in ^g. 19, forming 
the motion is not so rapid as when chords, and meeting near the lowest 
sliding. A rolling body descends in point B of the circumference. If 
consequence of its centre of gravity balls be placed on these planes, as at 
tumbling over and over; and two mo- A C D E, and allowed to descend 
lions are given to it, one of progression simultaneously, they will reach the hot- 
down the plane, and another of rotation tom at the same time, 
about its centre. {See chap, vii.) 

Fig. 18. 





(^56,) In applying the principle of the 

inclined plane to useful purposes, it is 

(55.) The space through which any necessary to take into consideration the 

body will move freely in the same time velocity required in a descending body. 
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or tlie force which is apfdied to drag 
any body up an inclined plane ; for un« 
secessary wear and tear of the parts of 
a machine may take place unless there 
is a proper proportion between the effiect 
required and the forces brought into 
action. Friction, also, and the resist- 
ance of the air at great velocities have 
to be compensated. 

Suppose it were required to find the 
number of horses necessary to pull a 
cart, whose weight, with its contents, is 
2000 lbs., up an inclined plane 500 feet 
long and 50 feet in height, at the rate 
of two and a half miles per hour. Ac» 
cording to some authorities, a horse can 
draw 2000 lbs., or with a force of 200 
lbs., at the rate of two and a half 
miles per hour. In consequence of the 
inclination of the road, the force of 
gravity pulls backward, acting as an ad- 
dition to the load, and is equal to the 
force urging the cart down the incline; 

50 
therefore rxr- = -/g ; that is ^ of the 

load, or 200 lbs., would be the pressure 
acting on the load ; and as a horse pulls 
with that force, two horses would be 
required to pull the cart up the incline. 

To find the power of a steam engine 
necessary to draw a railway train up an 
incline, a similar calculation may be made. 
On a railway a force of about 9 lbs. will 
move a ton weight ; and if the heaviest 
train be 100 tons, it will require, on a 
level, a force of 900 lbs. to move it. If 
the incline be 1000 feet long, and 10 feet 
high, or, as it is termed, a gradient of 1 
in 100, the accelerating downward pres- 
sure will be lio that of gravity ; conse- 
quently the load will be increased by 
the lio of 100 tons, or 1 ton. Thus the 
whole load to be drawn up will be 101 
tons, and the force required 909 lbs. 
The engine must therefore exert a free . 
force of above 909 lbs., or 4j horses 
power. 

(57.) What we have said of motion 
on an inclined plane may be applied 
also to motion along a curved line. If, 
however, the curve be circular, as is 
generally the case, it is found that the 
times of descent of any body, and also 
the accelerating force at every point of 
the descent are not equal, as is the case 
with the chords of the arcs of circles. 

(58.) The principal feature of interest 
in the examination of ordinary cur- 
vilineal motion, is its application to the 



purpose of measuring time by means of 
the pendulum. In this beautifiil instru- 
ment the force constraining the -bob sj^ - 
ball to move in a circular arc is tbe-pei)* '• 
dulum rod, which, for the purpose .ofjc 
investigation, is supposed to possess nd'" 
weight. We shall therefore, .at fifst,. 
consider the nature of the motion of^a 
simple pendulum. 

Fig. 20. 



»:' 




If we suspend a ball by a Very "fide v" 
thread, and allow it to vibrate, its mo- 
tion, whether through a large or 'small • 
arc, appears to be performed in an e^qual ■ 
time; this, however, is found not. (o -be . 
the case. It may be easily shpwn.-thait . 
the times of descent of a pend^zTtlm,- 
under such conditions, is not equaK'*/. 
Suppose the simple pendulum A:B'.io'.. 
oscillate in the arc C D, the t^e qf 
performing an oscillation is equal toth^ 
square root of the length of the pendu- 
lum, divided by the force of gravity, aiid 
multiplied by the ratio of the. cii^cun^ 
ference of a circle to its diameter.. Slip- ^,.r 
pose the length of the penduluni^^^^ ./ 
39.14 inches, and the force of glfavji^.'as * 
before, 32 feet (art. 47.) ; the rjrtio .'of ' •:- 
the circumference to the diameter 'oiP A-r 
circle is 3.1416 nearly to 1 ; .theri..-^-V 
find the time, in seconds, of osciHatibii?^ ' 
of this pendulum, we havie, by- .thfe •' ^ 

above rule, 3.1416 x/^^-'^= l"'nearly, U 

which would be true if the accelerating • • 
force were equal in all arcs which the : - . 
pendulum might describe. It is, bow^- * . 
ever, as the sine of the angle B A C, or 
the line b C; and the time of describ-/ 
ing any arc increases as & B increases, 
which it evidently does as the arc .of • - 
vibration increases ; and to find the t^ai 
time of oscillation, we must multiply- our 
former sum by this quantity. In arcs of 
a few degrees, 6 B> or as it is called, the 
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▼ened sine of the angle B A C, is a 
very minute quantity ; if the pendulum 
vibrates in an arc of 5° on each side of 
the vertical or lowest point B, the 
versed sine 6 B of 5° is little more than 
.0038 of the radius A B, or the length 
of the pendulum ; supposing the arc to 
decrease, it will also decrease, and finally 
may be considered as nothing. 

(59.) This, however, is but an ap- 
proximation towards the truth ; and 
mathematicians have been led to in- 
vestigate the form of curve required, in 
order that the times of descent in all 
arcs may be equal. The celebrated 
Huyghens solved this problem, and 
found the required curve to be a 
cycloid. This curve may be drawn by 
placing a point or pencil on the cir- 
cumference of a circle, so that it may 
delineate a curve as the circle travels 
along a plane. In the following figure 

Fig. 21. 




the point C, on the circle CDF 
moving along the straight line A B, will 
describe the curve B C Q A, which is 
called a cycloid; thus a point on the 
circumference of a carriage-wheel, when 
running along the road, describes the 
cycloid curve. Here the accelerating 
force, acting on a pendulum at P, is to 
the force of gravity as PH to PL; 
because the ball P is evidently moving 
in the direction P L at the instant it 
reaches P, and is therefore treatable 
according to the laws of bodies de- 
scending inclined planes ; or, as the 
triangle CDp is similar to the triangle 
CpO, which is evidently similar to the 
triangle P L H, we may say that the 
force acting along the curve at P is to 
the force of gravity acting freely, as Cp 
is to CD. This may be observed in 
any position of the pendulum, as at Q, 
where the ratio is as Cg to CD. We 
observe that the lines PL, Q R, which 
represent the directions in which the 
bdl is moving when at the points P, Q, 



are parallel with the chords drawn in 
the generating circle "DpC, whence 
the laws of descent down the arcs of 
circles (art. 55) apply also to the cycloid. 
The two halves A S, S B, of a cycloid 
are placed as seen in the figure in order 
that the pendulum bob may describe a 
cycloidal curve. 

(60.) Although a pendulum moving 
in such a curve is isochronous or equal- 
timed in its vibrations, yet it is used 
merely to illustrate the fact ; in practice 
it would be most inconvenient to make 
a pendulum vibrate in a cycloidal arc, 
and the common pendulum is therefore 
used as the only practical method of 
measuring time. Its error, as we have 
seen, is reduced as we lessen the arc of 
vibration ; and it may also be observed 
that there is no material difference be- 
tween the curve of the circle and that 
of the cycloid for a little distance on 
each side of the point C; we shall 
therefore consider the times of oscilla- 
tion in small arcs as isochronous. 

(61.) The length of a pendulum which 
shall oscillate in a second of time may be 
easily found from the relation which has 
been shown to exist between the times 
of descent down the arcs of circles and 
their diameters. In art. 58 it was said 
that the time of an oscillation of a simple 
pendulum was equal to the square root 
of the length of the pendulum divided 
by the force of gravity, and multiplied 
by 3.1416. From this the length of the 
pendulum required to beat seconds or 
any other given time may be calculated ; 
for if we square the whole sum, we have 
the square of the time = (3.1416)* x 
length of pendulum , , , , ^ 

~" 386inih^i ' ■""* *^ '*°S''' °^ "" 

pendulum will therefore be equal to 
386 inches x (time)* ,!• i_ • 
(^ 1416")* • *'™^ 

given, as 1 second, its square is also 

1, which will not multiply; therefore 

the length of a pendulum which shall 

386 inches 
beat seconds is = — Q-g= = 39.12 

inches, which is very near the true 
amount. A more accurate determination 
has shown that the length required for 
a pendulum to beat seconds in the lati- 
tude of London, is 39.138 inches. 

(62.) The length of a pendulum neces- 
sary to beat half-seconds, or any other 
time, may be found in a similar manner ; 
for it will be seen in the ah<i^^ ^»is» 



18 MECHANICS. 

chanses its value is the length of the By the third rule may be found the 

pendulum, the figures 3.1416 and 386 alteration necessary in the length of any 

remaining constant ; consequently the pendulum when the clock is found to go 

time of oscillation varies as the square too fast or too slow ; the number of 

root of the length of the pendulum, oscillations over or under the proper 

The following are useful rules : — amount made during the day must be 

1. Tlie length of a pendulum requisite noticed, when we have the elements for 
to vibrate in any particular time is found calculation. Suppose a clock loses 20 
by multiplying the square of the time by seconds in a day, the pendulum is evi- 
the force of gravity, and dividing the dently a httle too long ; then 

product by the square of3.1416 (or 9.87). 2 x 39 138 x 20 

2. The time of oscillation of any pen- MiOO ^ '^'^ ^ '°^^' 

dulum may be found by dividing its length v- i . i , i . i i 

by the force of gravity, taking the square T , *^° *^ '"® amount by which the pen- 
root of die quotient, and multiplying by d"'"™ must be shortened. In ordinary 
3.1416. Mr ^ o J pendulum* the position of the bob is 
'3. If a seconds pendulum be found to regulated by a nut and screw, the size 
gain or loie any number of seconds per ^^ '"® threads of which we should know ; 
day. the correction in length required suppose there are 100 threads in an inch 
may be found by multiplying twice the ^*.,f"f screw, the width of each thread 
length of a seconds pendulum by the will therefore be .01 of an inch. Then 
observed number of seconds which the '"^^° — j ^f ^ tu„j ^f jjj^ ^^^^ ^jy ^^^^ 
clock has gained or lost during the day, .01 
and dividing the whole by the number rect the error, 
of seconds in a day (86400"). (63.) The pendulum is an instrument 

Their application may be readily of singular delicacy ; the most minute 

shown by a few examples. changes in its conditions is sufficient to 

If we wish to find the length of a affect its time of vibration : a pendulum 

pendulum which shall oscillate in half- having a length of 39.1386 inches will 

seconds, we can use the first rule, not vibrate seconds except on the lati- 

. . ,5 X .5 X 386 rt ^ ^"<^® o^ London ; at Leith a vibration 

whence it is — = 9.7 would be performed in 0".99997, and at 

, . , J, r*u- Jamaica in 1".0303. Again, if the same 

inches, nearly; a simple pendulum of this pendulum be carried down the mine at 

length would therefore vibrate twice in bolcoath, in Cornwall, which is 1050 

every second of time. A pendulum vj- fe^^ ^elow the level of the sea, a vibra- 

brating once m the course of several tion would occupy but 0".99995; while 

seconds would have to be of a most un- ^^ the summit of Mont Blanc, which is 

wieldy length ; thus to vibrate once in J5 730 feet above the level of the sea. 

a minute, the length must be j^ ^oujd j^ke r'.000753 to complete an 

60 X 60 X 386 _ 14 Q79 inches, or oscillation. Thus wft find that there 

9.89 are circumstances which it is necessary 

1,1 73 J feet, nearly. to consider in our Cilculations of the 

The following lengths of pendulums lengths of pendulums at different pdaces 

are given from accurate calculations : — on the surface of the earth, and at dif- 

seconds. Inches. ferent heights above the level of the 

To vibrate in i . . . . 2.44616 ocean. 

I . . . . 9.78465 (64.) We will first notice the cause 

1 . . . . 39.13860 of the variation in time observed at 

2 . . . . 156.65544 different elevations. It was remarked 
The second rule can be used when *" chap. IV., that the force of gravity 

we have a pendulum of any length, and produced a velocity of 32 feet in a body, 

wish to know the time of its oscillation '° "^® ""^st second of falling, 64 in the 

as compared with a seconds or other second, and that 32 multiplied by the . 

pendulum. For instance, suppose we H™® *'^/?*""S would give the final velo- 

have a simple pendulum 10 feet (120 P»*y- ^A .*^ not strictly true ; for the 

inches) long, the time it will occupy '?^ ^f the force of attraction or gravita- 

in making an oscillation is— ^<^" ^s» ^na' it vanes inversely as the 

. ■— square of the distance from the centre 

3.1416 X A /---- = 5i", nearly. ©^ attraction. This may be shown by 

^V 39.14 means of the foUo wing diagram. If any 
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Fig, 22. (65.) Tin's circumstance is sufficient 

to show the necessity of attending to 
the height above the level of the sea at 

^ a 4 6 which any pendulum is used, in order 

i" -J" & 'h that its length may be adjusted. This 

can be easily effected by the following 
simple rule : — Multiply the height of the 




product by 

would be attracted with a force of J of the earth (3965 miles), which will give 

100 lbs., or 25 lbs., at the point 2, or the number of seconds lost in a day. 

twice the former distance from the Knowing the number of seconds, we 

centre ; and at the point 5 with a force can apply the rule given in art. (62) to 

of 4 lbs. In considering the fall of find the amount of alteration required in 

bodies on the surface of the earth, there the length of the pendulum. This cor- 

18 no occasion for introducing this into rection amounts to a considerable quan- 

our calculations, as the space through tity at some places on the globe which 

which any body falls is generally so very are situated at great elevations, 'ftie 

small compared with the radius of the beautiful city of Quito is situate on 

earth. We do not ordinarily require to the Pinchincha mountain, amongst the 

find the velocity of a body Ming from a immense range of the Andes, in South 

height of one mile ; yet, even at this America, at the great elevation of nearly 

considerable elevation, the variation in 9500 feet, or 1^ mile above the level of 

the accelerating force would be but the sea : a pendulum beating seconds in 

small, as we may easily determine from that latitude, at the level of the sea, 

the proportion above mentioned. Tlie would, if taken up to this city, lose in 
radius of the earth, or half its mean Q«4nft v i ft 

diameter, is 3965 miles, or 20,898,240 one day rrlr" ^ L? = 39 seconds, 
feet; and, for a distance of one mile 3965 

above its surface, we must add 5,280 (66.) The other cause of variation is 

feet, which is equal to an English mile, in consequence of the pendulum vi- 

making the sum of 20,903,520 feet. The brating in different times on different 

squares of these sums being taken, we latitudes. In the instances mentioned it 

have the following inverse proportion: — was shown that the pendulum vibrates 

20,903,520* : 20,898,240* :: 32.19 : faster the nearer it is to the poles of the 

the force of gravity at the distance of earth ; for at Jamaica, London, and 

one mile above the level of the sea. If Leith, it makes a vibration in the re- 

this be calculated, it will be seen that the spective times, r.030, T'.OOO, 0".999 ; 

accelerating force is 32.12 feet, nearly, and the latitudes of these places are 

Although this difference is not worthy 18° 0' 0", 51° 31' 8", and da"" 58' 37\ 

of consideration when we are engaged in all north of the equator, which leads to 

investigating the fall of bodies freely or the conclusion that the rapidity of vibra- 

on indined planes, we are obliged to tion increases from the equator to the 

take it into account in the construction poles. 

of pendulums. It is not that the error (67.) The cause of this increasing rate 

occasioned by neglecting it would be ma- of vibration is the same as that which 

terial in one or two vibrations ; no effect affects the motion of the pendulum when 

would be observed in so small a time ; it is removed to a considerable height 

but there is a little error in each oscil- above the surface of the earth, namely, 

lation, which, after a considerable time, the varying force of attraction to the 

becomes very perceptible. If, for ex- centre of the earth ; hence we may 

ample, a seconds pendulum took 1".001, readily infer that, in approaching the 

or a second and one-thousandth, to make poles of the earth, we also approach a 

a complete vibration, afler the lapse of a little nearer to its centre. From this 

day, it would be found that the clock to remarkable circumstance, therefore, an 

which it was attached would lose about idea might be formed of the true figure 

66", or nearly a minute and a half; a of the globe we inhabit, and we might 

very noticeable quantity, although the find the flattening, as it is sometimes 

error in one second could not be de- termed, which occurs at the poles, Th.^ 

tected. pendulum Visa X^eTi ^i.^'^x^^ ^\^ ^* 
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success to this singnlar and interesting in motion, is subject to the resistance of 
problem ; scientific men have visited the air, which iSSects the regularity of 
different parts of the earth, and mea- its movements in a small degree, al- 
sured the intensity of gravity by the though this is not comparable with the 
rate of a pendulum's motion, and af- powerful effects of temperature. All 
forded materials for calculating the figure substances are subject to an alteration 
of the earth with considerable accu- in dimensions under a change of tern- 
racy. From these observations rules perature ; when the change is not very 
have been established for finding the great, the alteration cannot be'perceived 
length of a pendulum to beat seconds on by the eye, or even measured by the 
different latitudes ; it may be found from common methods of admeasurement; but 
the following proportion : — ^The square the pendulum soon makes apparent any 
of the number of oscillations made by a variation in the length of the rod by a 
pendulum in a day is to the square of change of a few degrees of temperature, 
the number of oscillations made in a day It becomes, then, a matter of importance 
at the place in question as the length of to investigate the effects of these differrat 
an adjusted seconds pendulum is to the disturbing causes, in order that they may 
length of the pendulum which shall be compensated. 

vibrate in one second at the place (69.) The weight of the pendulum 

required. If the adjusted seconds pen- rod influences the time of vibration, in 

dulum be that of the latitude of London, consequence of a property of bodies 

the rule is — the length required at any moving about a fixed axis to have a cer- 

other latitude = tain point when in motion called the 

Qn 1 ^o V. (No.of vibrations made there)* "^^^^l^ of oscillation—that is, a point in 

•'^-l^o X -— jr-TT — r- It — 3 — U '"« length of the vibratmg rod, where, 

(No. of vibrationsat London)*- jf j^g ^f^,^ ^^^^ were collected and sus- 

An illustration of this rule may be pended, as in the case of the simple 
taken from the observations made some pendulum, an oscillation would be per- 
time ago for the purpose of finding the formed in the same time as it will in the 
force of gravity at different places on the real condition of the rod ; therefore the 
earth's surface. It was observed that, distance between the centre of oscillation 
at London, a pendulum made 86061 and the point of suspension is the proper 
oscillations in 24 hours ; the same in- measure of the length of a pendulum, 
strument made 86079 vibrations in the The calculation of this important parti- 
same time at Leith, in Scotland ; then cular will be shown in chap. vii. With 
to determine from these data the length respect to the resistance of the air, it 
of a pendulum which shall vibrate in a may be neglected as inappreciable in 
second at Leith, we have the following ordinary instruments, the bob being flat- 

(8G07ff)^ tened so that it cuts the air, and presents 

calculation :— 39.139 X ^^^7:^,^2 ' ^7 very little surface for its action. It is in 

(86061) ^Y^Q jjj^Qgj delicate instruments only that 

this it may be found that the length re- this resistance is at all perceptible, 
quired is about 39.155 inches; so that (70.) The effect of a change of tem- 

an increase in length of .016, or ^ of an perature on the pendulum being of so 

inch, must be given to the pendulum serious anature the subject has received a 

which is adjusted on the latitude of great deal of investigation. Many plans 

London. This is a very small quantity, nave been proposed and used for the 

though it may be seen that, if tnis cor- purpose of compensating this cause of 

rection were not made, the clock regu- error. In the ordinary clock pendulum 

lated by such a pendulum would gain we have the following construction: — 

rather more than 17i" in the course of The pendulum rod A, Jig. 23, is a steel 

a day. or iron wire, of about 40 inches in length; 

(68.) We have been speaking hitherto at its upper end it is supported by a steel 

of the simple pendulum, which is sup- spring B, which allows it to vibrate 

posed to be a heavy bob or ball attached freely ; and at the lower end is placed a 

to a weightless string or wire ; this, bob C, through which the rod passes, 

however, is not the instrument for prac- This bob is adjusted and kept in its 

tice. All pendulums have a rod or wire place by means of a nut D, working on 

of considerable weight, which destroys a screw which is cut on the rod. When 

the necessary characteristic of the simple the height of the bob C is adjusted so that 

pendulum. The pendulum, also, when the centre of oscillation of the whole is 
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39.138 inches fVom the point of Fig. 23. 
suspenaian, the pendulum will 
vibrate once every aecond. 
Such a pendulum, however, is 
iubject to vary in ite rate Trom 
the cause we are now consider- 
ing; for the rc>d A will become 
longer or shorter according as 
the temperature of the air io 
which it is placed increases 
or decreases. It has been 
found, from accurate experi- 
ments, that a steel rod will ex- 
pand .0000063596, or inSiK of 
Its length, for every degree of in- 
creasing temperaturej thus a 
rod of the length of a seconds 
pendulum will expand .000248 
of an inch nearly, for an in- 
crease of one degree of tem- 
perature; and as the tempera- 
ture of summer is about 80° above 
that of winter, the pendulum rod 
will be .00744 of an inch longer in 
summer than in winter. This increase 
of length would cause the clock to 
lose S daily in summer, if the pen- 
dulum were adjusted in the winter. In 
coDStructing a pendulum which shall not 
be liable to this irregularity, as we can- 
not by any means prevent tiie linear ex- 
pansion of the rod, we must create a 
counter expansion, so that the centre of 
oscillation may remain constantly at 
the proper distance, from the point of 
•uBpensiou. Of the various methods 
adopted to obtain this corrective ex- 
pansion, the following illustrations will 
exhibit some of the most simple and 

Mr. Graham, a chronometer maker, 
was the first to construct a compen- 
sating peDdulum. In pursuing his in- 
quiries, he came to the conclusion that, 
owing to the small expansion of metal 
rods, the compensation could not be 
effected by them ; he then tried mer- 
cury, and brought out that beautiful 
instrument which is known as the mer- 
curial pendulum. It was the first ever 
constructed, and remains the most per- 
fect compensating pendulum at present 
in use. The following figure exhibits a 
form of it, the whole length of the rod 
not being shown in tlie figure. The tod 
It is of steel, suspended by means of a 
spring I, and carries a small sliding 
weight S, to effect a final adjustment 
of the centre of osdUation when all the 
other parts are arranged. Its length is 
-about 34 inches, its lower part being 




made a screw to carry the stirrup 
A B D H, which is fixed in its proper 
praition by the two nuts NN. Tlie 
height of this stirrup between the top 
and bottom is about 8 inches ; the base 
D H, being made to receive the glass 
cylinder C Y, which is covered by the 
cap E F, holding it so as to prevent 
lateral motion. In this cylinder a quan- 
tity of mercury is placed, whose surface 
is indicated at hh, sufficient, by its ex- 
pansion, which must of course be up- 
wards, to compensate for the downward 
expansion of the rod and stirrup. A 
fine pointer W is fixed underneath the 
stirrup, to show the arc of vibration 
upon a scale placed behind it when 
mounted. 

Soon after the mercurial pendulum 
was made, Mr. Harrison tried to elfect 
a compensation with metal bars, and 
succeeded in forming the f""' 



, the gridiron pendulun 

represented io _fig. 25, the rod R being 
ofsteel, fixed at its lower extremity to a 
cross-piece, upon which rests two brass 
rods. These support another cross-bar 
ab, which holds up two rods of steel, 
as shown by the dark lines, sustaining 
the cross-bar cd, which forms the sup- 
port of the bars of brass ca, db; the 
uppermost cross-bar is fixed upon these, 
carrying the steel bars A C, B D ; to the 
bar CD, joining these rods, the bob is 
attached. The upper cross-bars are n' 




fixed to the rod R, vhich, when it ex- 
pands, puihes down the small lower 
cmti-hsr ; bnt the hrais rods resting 
upon it eipapd upwards snd cany the 
bar ab, and similarly with the remaining 
part*, the lengths being firaC arranged 
that the expansions both upwards and 
downward* may be equaL 

A very simple con 
lum is described by 
invention of M. Martini a clock-moKer. 
The peculiarity consists in having a com- 
pound bar, A A (Jig. 26). of brass and 
sli'cl, fixed upon the pendulum rod, 
which cnrrii:! two sliding weighisBB. 
When the temperature increases and 
lengthens llie rod, it also expands the 
compound bar. Id which the brass ia 
tfeluw the steel bar; and as brass ex- 
pands more than steel, the whole bar 
will liccome curved as is rcprciented in 
the ligiiie, lilliri(( the weights, and con- 
■eciuently (-ITecting the compensation. 
With this InKtrument M. Uiot made 
Mstninomicnl olMcrvations Tor the space 
«r II ynar, without discovering any error 
ciitiseijnent on the expansion of the 

Captain Katur dancribof a pendulum 
which hu GfinntruGtcd, the rod being of 
while fletti n lubsuiwe little affected by 
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the larger figure the arrangemoits of 
the compensation are sbown : the lower 
part of the wooden rod £ is cut of « 
smaller size to allow the line tube to 
sUde upon it; at the extremity of the 
rod a brass cap i is fixed, carrying b 
screw. The rinc tube is about 7 inchea 
long and three quarters of an inch 
square, a thick plate of brass being 
attached to the lower end to receive the 
screw B. which regulates tlie position 
of the tube. This screw is hollow, to 
allow the smalt screw on the rod to pass 
through it and carry the nut N. By 
this nut the height of the line tube and 
bob on the rod is regulated, as the bob 
W rests upon the top of the zinc tube 
at A, Tlie expansion of the deal rod R 
is therefore neutralised by the upward 
expansion of the zinc tube which carries 
the bob. 

(71.) The principle upon which the 
pendulum acta is one of the Ereatest im- 

EDrtance with respect to all mactiinea, 
ut'more particularly when they are in- 
tended lot rapid motion. It is the Cm- 
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dency of a body to settle in a position liarly affected. If a stone be thrown 

wherein its centre of gravity is lowest : into the air, not perpendicularly, we 

such a state is called stable equilibrium, may notice that it does not move in a 

Many objects in nature and art exhibit the straight line. At a short distance from 

properties ofpendulous motion, although the hand it commences to describe a 

there may be no h'keness in form to the curve, in consequence of the action of 

pendulum. Those curiosities of nature gravity, which finally draws the stone to 

in different parts of this country, which the ground. This result, however, may 

have sometimes been ascribed to the be seen, upon a little reflection* to arise 

labours of the Druids — the rocking from the nature of the forces in action, 

stones — afford instances so curious as In the first place an impulse is given to 

to call in the aid of imagination among the stone, communicating an amount 

the unphilosophical to explain their of uniform motion whicli it would for 

origin. Standing on a very small base,' ever retain ; but the instant it leaves the 

an enormous mJEiss of rock, weighing hand, the force of gravity acts upon it : 

many tons, can bo made to oscillate by this force, according to the principles 

ttie exertion of one or two persons, and, already given (art. 45), will continue to 

after a few vibrations, it returns to its ori- urge the body from the direction of mo- 

ginal state of rest. In machinery, unless tion first given, and finally overcome, 

the parts of a machine be arranged with This subject is called the Theory of Pro- 

a strict regard to the conservation of jectiles : by means of the rules which it 

stable equilibrium, in whatever circum- establishes, the calculation of the dis- 

stances the machine may be placed, tance which a projectile would be thrown 

great irregularity of motion may ensue by any force, and the time of its flight, 

when the machine is at work. It is would be very simple were it not for one 

then that all defects .of construction circumstance, which, when the theory 

show themselves most plainly. The is applied to practice, fails to give a 

motion of a carriage or engine on a true result. The theory does not con- 

railway supplies an illustration of these sider that the projectile has to move 
remarks. The distance between the^ttirough the air, which is a powerfully 
flanges or guards of the wheels is^^resisting medium when bodies move ra- 

always less than the distance between pidly. We shall, in the present chapter, 

the rails, to allow of free movement ; consider the laws of projectiles, and the 

and when at considerable velocities, the resistance of the air to moving bodies, 

engine or carriage may be observed to (73.) A slight observation is sufficient 

oscillate between the limits thus allowed to show that the curve line formed by a 

with great rapidity, causing a vibratory body moving freely in the air is not part 

motion, both horizontally and vertically, of a circle. An inclined fountain ot 

in the carriage, as the centre of gravity water affords a good illustration, as the 

is above the wheels, and the force exerts water forms a continuous line. The 

itself on the flanges pushing against the curve thus traced in the air is called a 

rail ; consequently the centre of gravity parabola^ one of the conic sections ; and 

of the carriage, and the carriage itself, every body, unless projected perpen- 

has a tendency to turn over. This is dicuJarly, will move through the air in a 
a particularly important point, because 

the rapidity of these vibrations increases ^ig' 28. 
as the square of the velocity at which 
the carri ige moves. From this we learn 
two most necessary precautions — that 
the centre of gravity, or the carriage 
itself, should be as near the ground as 
possible ; and that the wider the base 
on which the carriage rests, the more 
steadily and safely will it move. 

parabolic path. Fig, 28 shows one form 

Chapter VI. — Motion of Projectiles — of the curve in which the projectile 

Resistance of the Air to Bodies moving moves from the point A, in the direction 

through it, of the line A N ; but gravity, after some 

time, prevents further upward motion, 

(72.) Free motion, in a line not perpen- and the body describes a similar curve 

dicular to the earth's surface, is pecu- downwards to E. 
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(74.) By calculation the following is not known, it may be eiEisily found by 

rules are found to determine the range the perpendicular height which the body 

and time of flight of a body projected at will attain by the action of the given 

any angle of elevation N A E, DC being force ; for, from the nature of gravity, 

called the height, and A E the range. the velocity which must be impressed 

1. The range of a* projectile is equal upon any body, to make it ascend to any 
to the product of the square of the ve- height, will be equal to the velocity it 
locity of projection, and the sine of would acquire in falling down that height, 
twice the angle of elevation, divided by The preceding rules may then be used as 
the force of gravity. follows : — 

2. The time of flight of a projectile is 1. The range of a projectile is equal 
equal to the product of twice the velo- to twice the height to which it would 
city of projection, and the sine of the ascend perpendicularly by the action of 
angle of projection, divided by the force the given force, multiplied by the sine of 
of gravity. twice the angle of projection. 

In these rules the velocity given to 2. The time of flight is equal the 

the projected body and the angle of ele- square root of twice the height to which 

vation or projection are supposed to be the projectile would ascend perpendicu- 

known. The calculation of any parti- larly by the action of the given force 

cular case becomes very simple with the divided by the force of gravity, the 

aid of logarithms, in using which the square root, thus obtained, being multi- 

rules are as follow : — plied by twice the sine of the angle of 

The log. of the ratige ^ log. of square projection, 
of projectile velocity -f log. sine of twice Thus, if a force is used which can 

the angle of projection — log. 32. impel a ball a perpendicular height of 

The log. of the /me of flight = log. of 10,000 feet, th^ range at an angle of 

twice the velocity of projection -f log. projection of 45° would be 20,000 x 

sine of angle of projection — log. 32. sin. 90°; but the sine of 90° is equal to 

Thus, suppose a cannon-ball to be radius, which is considered as unity; 

projected with a velocity of 2500 feet therefore, 20,000 feet will be the range, 

per second, the angle of elevation or and the time of flight 

projection being 30 degrees. Then, the 

range which the ball would have, by / 20, 000 v^ o v — . 

the laws of projectiles, may be found by ^\/ 32~ >/2 ' 

the following calculation : — 

the latter fraction being the length of 

Log. 625,000 = (2500)2 . . . 6.7958800 the sine of 45°; upon calculation it wiU 

Log. sin. 60° 9.9375306 be found that the time is nearly 35 

seconds. 



6.7334106 
Log. 32 1.5051500 



(77.) The parabolic path of projected 
bodies was first demonstrated by Galileo, 



Log. range = 169,140 feet . 6.2282606 and is, as we have seen, easy to deter- 
mine; but the enormous discrepancy. 

The ball would have a range of above between the range assigned by the rule 

32 miles. and that which is actually obtained in 

(75.) According to theory, the pro- practice, at once shows that the simple 
jectile will have the greatest range wben law is insufficient for practical purposes, 
the sine of twice the angle is greatest, In the above illustration the projectile is 
which is where th^ sine is equal to the found to have a range of nearly 32 miles, 
radius ; and twice the angle will there- a distance unattained by any method of 
fore be 90°, or the angle of elevation projection hitherto employed. It has 
45°, A body projected at an angle of been found that a musket ball, having 
45° with the horizon will consequently an initial velocity of 1700 feet per 
have the maximum or greatest range. In second, has a range of about half a mile ; 
calculation, we have only to divide the but, calculating upon our last rules, a 
square of the velocity by the force of fall of 45,156 feet being required to pro- 
gravity to obtain the range of a body duce the velocity stated, the range 
projected at an angle of 45°, and its should be about 17 miles, or 34 times 
time of flight will be equal to twice the farther. This difference is owing to the 
velocity divided by the force of gravity. resistance of the atmosphere, which is 

(76.) When the velocity of projection very great at high velocities. We shall. 
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therefore, proceed to consider this im- 
portant subject. 

(78.) In the motion of any body 
through a medium, some attention must 
be paid to the relative densities of the 
body and the medium; we experience 
little resistance in walking through the 
air, but a considerable exertion is neces- 
sary to Wade through water. In the 
case of a body acted on by the force of 
gravity, we find that it descends through 
air or water by its excess of specific 
gravity; if, on the contrary, its specific 
gravity is less than that of the medium, 
it will ascend ; thus cork ascends in 
water, and hydrogen gas in common air. 
Under such circumstances the b.ody is 
not effectively urged with the whole 
force of gravity, but it is equal to the 
force of gravity minus 

spec. grav. medium. 
6^*^*'y ^ spec. grav. bodyT 

Suppose it were required to find the real 
accelerating force acting on an iron ball 
moving in the air ; the density of air is 
to that of iron as 1 to 6000, therefore 
the real force is — 

32 — 32 X fiilRi = 31 



the surface A is the object of the resist- 
ance. To obtain the amount of the 

Fig. 29. 




Hence it may be seen that, in many 
cases, the difference of density between 
the medium and the body moving 
through it is not worthy of considera- 
tion, except with light substances. 

(79.) If a body be acted on by a force, 
according to the laws of uniform motion, 
it would begin to move with a propor- 
tional velocity, and if there be a resist- 
ing power, such as the atmosphere, its 
retarding effect upon the motion of the 
body, by the principles of Chap. III., 
will be found by dividing the opposing 
force by the mass of the moving body, 
and the result thus obtained must be 
subtracted from the quantity of motion 
of the body to find the effective quantity 
of motion which the body will have, 
being subject to this resistance; this 
effective quantity of motion is therefore 
equal to the original quantity of motion 

resisting force «;. 

<'ft»»«''°^y- mass of the body- "^* 
have thus to find the amount of this 
resisting force; and, in doing so, the 
amount of surface presented must be 
taken into account. Suppose the body 
A B to commence moving in the direc- 
tion of the small arrows in a resisting 
medium, which will exert* an opposing^ 
force in the direction of the arrow at A, ' 



resistance in pounds, it must be com- 
pared with the force of gravity, which is 
easily effected by taking the height re- 
quired to obtain the body's velocity. Sir 
Isaac Newton demonstrated that the 
resistance to a surface moving' through 
the air with any velocity is equal to thfe 
weight of a column of air whose base 
is equal to the moving surface, and its 
height equal to the height which a body 
must fall to acquire the known velocity. 
Then, according to the rules formerly 
stated (art 47), the height required to 
obtain any velocity is eaual to the 
square of that velocity divided by twice 
the force of gravity. Therefore the 
resistance which the body experiences 
in moving through the air is equal to 
the surface multiplied by the density of 
the air, and the square of the velocity 
of the moving body, divided by twice 
the force of gravity. The retarding 
force will be found by dividing the 
resisting force by the weight of the 
body, as in the last article*. 

(80.) This subject is very much over- 
looked in practical mechanics, for the 
effect of the atmosphere upon the mo- 
tions of bodies at slow velocities, and 
acting for a short time, are small and 
imperceptible ; but, as the resistance 

* These formuls may be deduced with the aid of 
symbols. Let A be the area of the surface, M its 
mass, D the density of the air, v the velocity of the 
moving body, and dt an infinitely small portion of 
time during which the body moves with the velocity 
V. Then the small space which the body moves 
through in d( is dff = V d<, consequently, by multi- 
plying with the area, A v eft is the amount of dis- 
placement of the medium, which will receive a 
momentum equal to A o d< x v, or A «* dfc The 
moving body will lose a very small portion, dv, of 
its velocity from the inertia of the medium, and 
M dv will be the quantity of motion lost ; then M dv 
= A D o^ dt, because the momentum gained by the 
medium must be equal to that lost by the moving 
body. We have here obtained the resistance, which 
is then as the square of the velocity. If we call R 
the retarding force, we find-— 

R = i!^ = ^P*' * 
dt M * 
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increases as the square of the velocity, 
the subject is important where rapid 
motion is required ; thus, if a body was 
resisted with a force oi 1 lb. when mov- 
ing at a velocity of 1 foot per second, it 
would meet with a resistance of 1 6 lbs. 
at 4 feet per second. 1 he question of 
resistance has been studied principally 
in consequence of its connection with 
warlike operations ; the rapid motion of 
a cannon ball- being so great, it is, as we 
have seen, very much affected, not only 
with the resistance of the air in front, 
but also by reason of the partial vacuum 
which is lefl immediately behind the 
ball. The air ceases to follow the ball 
when at a velocity of about 1340 feet 
per second ; and the atmospheric pres- 
sure of nearly 15 lbs. on every square 
inch must be added to the resistance to 
give the whole amount of opposing force. 
Thus, a ball of 36 lbs. weight, and 6' 
inches in diameter, moving with a velo- 
city of 1600 feet per second, meets with 
a resistance of about 417 lbs.; but, this 
being a velocity at which the air cannot 
follow, the pressure arising in conse- 
quence will be 478^ lbs. ; the ball, there- 
K>re, will have to sustain an opposing 
force of nearly 900 lbs. 

(81.) The investigation of the subject 
is one of great mathematical difficulty, 
the circumstances attending it being of 
so varied a character. Many attempts 
have been made to establish some laws 
of the resistance to a projectile, but 
without success. For further informa- 
tion on this interesting subject we must 
refer the reader to treatises on pneu- 
matics and hydraulics. 



Chapter VII. — On Rotation, — Rotation 
about a fixed Axis, — The Centra of 
Oscillaiion, Percussion, and Gyration, 
"—Illustrations of Rotation, — Centric 
fugal Force, 

(82.) When an unfixed body is struck 
at any point not in the centre of gravity, 
there will result two motions, one by 
which the whole body is carried forward, 
and another by whicn it appears to turn 
round some point, as an axis ; the former 
motion has been termed a motion of 
translation, and the latter of rotation. 
This motion of rotation is unexplainable 
by our preceding considerations ; it is an 
efibct of quite a different character from 
that which would follow from the rules 
already given, for it cannot be shown 



that rotative motion is a resultant of anv 
two or more forces, as is the case with 
rectilinear motion, as the lavs \if the 
resolution of forces do not ^ply to 
the case of two forces acting opposite to 
each other, as in fig, 30 ; ff A be con- 
sidered a long body, as a stick, a force 

Fig, 30. 



A- 



applied at each end will produce a rota- 
tion about the point A, the stick having, 
at the same time, a motion of transla- 
tion, unless it be fixed at the point A, 
which will then be stationary. We 
shall now proceed to investigate the 
nature and properties of rotation about 
a fixed axis. 

(83.) For the purpose of making the 
inquiry as simple as possible, we shall 
suppose a force to act on a heavy par- 
ticle of matter attached to a fixed axis 
by means of a radial arm without weight, 
whose effect may, therefore, be neglected. 
Suppose M M {fig, 31) to be two bodies. 

Fig, 31. 




called a system, which tuni round the 
fixed axis A, always remaining in the 
same position with respect to each 
other, their relative angular velocity will 
be as the length of the arms A M, A M', 
according to a geometrical principle ; and 
the velocities of each rotating particle will 
be found by multiplying the angular velo- 
city of the system by the distances of 
each particle from the axis, that is, their 
radii : thus the velocity of M is equal to 
the angular velocity X A M, and the 
velocity of M' is equal to the angular 
velocity x A M'. A force acting at the 
extremity of the radius F will commu- 
nicate a certain amount of angular velo- 
city to the whole system; and the 
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quantity of motion or momentum of M 
will be (art. 83.) equal to the angular 
velocity x A M X M, which is also a 
measure of the force impressed; as, 
however, it is not applied at M but at F, 
the force impressed is to the momentum 
of the mass M as the distances of the 
points where the force F is applied, and 
the mass M fixed, from the axis, — or 
force : angular velocity X A M x M 
: : A M : A F, which follows from the 
principle of the lever, and the force x 
A F = ang. velocity X A M X AM 
X M. The same may be shown of the 
particle M', or any number of particles 
rotating round A as an axis; thus a 
regular body may be considered as a 
multitude of small particles rotating 
round an axis. 

From the above investigation may be 
found the law of the resistance to mo- 
tion, which is offered by particles at 
various distances from their axis. This 
resistance is called the moment of inertia 
of a particle. In the lever, the force 
applied multiplied by the length of the 
arm gives the momentum or power of 
producing motion round the stationary 
point or fulcrum; that momentum in the 
present case is Force x AF, and the 
moment of inertia of the particle M is 
A M X A M X M, or (AM)* x M, 
and of the particle M' = A M' X AM' 
X M, or (A MO* X M. 

Therefore the moment of inertia of a 
body or system, with reference to any 
axis, is equal to the sum of the particles 
which compose it, multiplied by the 
square of the distance of each particle 
from the axis *. 

(84.) The angular velocity which may 

be given to a revolvable body by any 

force is also found from the last article, 

where the angular velocity of M is equd 

Force X AF 

*^ AM^x^TMITM' ^' '^^ '"^'"®"* 
of the force impressed, divided by the 
moment of inertia of the body. The 
angular velocity is here given in parts of 
the radius A M ; but, to convert it into 
degrees, we may use the length of an arc 
equal to the length of the radius A M, 
which by trigonometry f is found to be 
57°.3; a degree is, tnerefore, equal to 

or .0174 of the radius. 

57.3 

(85.) The principal objects in the 



« See Chap. VIII., Maihematicai IttuttraUom, for 
an investigation of the phenomena of rotation, 
t See Treatise on Trtponometty, Ex. 3, Art. 10. 



investigation of the effects of rotatory 
motion are the determining of certam 
points in any rotating body, caUed the 
centres of osciliation, percustion, and 
gyration, 

(86.) In describing the nature of the' 
pendulum, we supposed the pendulum 
rod to be without weight, because of the 
effect it would produce on the time of 
the vibrations; and remarked that the 
length of the pendulum was to be mea- 
sured, from the. point of suspension or 
axis, downwards to a certain point called 
the centre of oscillation, or the point to 
which, if all the mass of the pendulum 
were collected and suspended by means 
of a rod without weight, the oscillations 
would be performed in the same time as 
in its real form ; it is, therefore, of great 
importance to determine this point. 

Suppose SC (Jig, 32) to be a rod 
without weight, to which the particles 

Fig. 32. 




A B C are attached ; that the times of 
vibration of each particle may be equal, 
the accelerating forces should be as their 
distances from the point of suspension, 
whereas they are really equal, because 
lines drawn at right angles to the rod 
S C are parallel, and by the laws of the 
inclined plane the forces will be equal 
on equally inclined planes. Let S O 
represent the force inciting the point O, 
in the length of the rod, to oscillation, 
the superior acceleration of the particles 
A B, above that point, will be shown 
by A O, BO; but the particle C, being 
farther than O from the axis, will retard 
the motion of O by the quantity C O. 
According to the principle of the lever, 
the effect of each particle is according 
to its distance from the point of suspen- 
sion, and the accelerating forces must 
be equal to the tetaidsa!^ fekX^«&<» >Si>a^ 
is — 
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AxAOx SA-hBx BO-|-SB = CxOCxSC. 

In this result we have not obtained S O, or the distance of the centre of oscilla- 
tion, separate from the other quantities, which we wish to do ; it is, however, easily 
eliminated by considering that AOs= SO— SA, B0= SO — SB, and 
OC:=SC — SO, which gives S O in each instance. Then putting these values 
in the above result — 

AxSAx(SO— SA)-|-Bx SBx(SO— SB):;^Cx SCx (SC — SO), 
which, on multiplying the quantities together, becomes — 

AxSOxSA — AxSA" + BxSOxSB — BxSB« = CxSC» — CxSCxSO. 

Transposing A x S A», B x S B», and C x S C X S O, we have— 

SO(AxSA-|-BxSB — CxSC) = AxSA»-|-BxSB»-|-CxSC*. 
Whence we find, lastly — 

. AxSA^-fBxSB^-f Cx S C» 

^^— AxSA + BxSB-hC X SC • 

The distance is thus found, in which pended at the circumference, it is two- 

the numerator evidently expresses the fifths of the radius of the sphere, 
moment of inertia of each particle, and (8S.) The centre of oscillation of a 

the denominator the product of the mass body may be found experimentally by 

of each particle and the distance of its two methods. In one the body is 

centre of gravity from the axis. It may suspended so as to vibrate freely ; and 

therefore be stated as follows : — by trial is found the length of a simple 

Thecentreof oscillation of any system pendulum which will vibrate in the 

is found by dividing the sum of the pro- same time as the body. Another and 

ducts of each particle and the square of better method is to notice the number 

its distance from the point of suspen- of vibrations made, in any length of 

sion, by the sum of the product of each time, by the suspended body ; then its 

particle and its distance from the point length may be found from the law that 

of suspension. tMb lengths of pendulums are inversely 

(87.) From this we can determine the as the squares of the number of ' 
centre of oscillation of a body. In a vibrations of the pendulum; taking a 
slender uniform rod, suspended at one seconds pendulum for comparison, and 
end, this point is at the distance of two- an hour for the length of time, the pro- 
thirds of the length ; in a sphere, sus- portion is as follows : — 

(No. of vibrations of the body)' : 3600 » : : 39.138 : ^^^^ X 39.138 ^ 

(No. of vibrations)* 
Therefore the distance of the centre of oscillation from the point of suspension 

507228480 . , t^. i. .. 

will be jy^ ^ir~p — \2 inches. If the observation was continued for a minute, 

1408968 . , 

itwouldbepj^jS;;^^^^, inches. 

(89.) It is a very important object in spect to the axis at S, the moment of 

the investigation of this subject to de- inertia of the rod, and half the diameter 

termine the centre of oscillation of a of the ball, that is, S A -f A G ^ S G, 

sphere, suspended by a rod, or a pendu- then the moment of inertia of the 

lum. If the rod be of little weight in whole, with reference to the axis at S, 

comparison with that of the bob or ball, is = mass x S G* -f § mass x AG*, 

the centre of gravity of the whole will which must be divided by the product 

remain at the centre of the ball nearly ; of the mass and the distance, S G, of 

and the moment of inertia of the sphere the centre of gravity from the axis, ac- 

is two-fifths of the mass multiplied by cording to art. 86, whence the distance 

the square of half the diameter, or of the centre of oscillation from the 

§ mass X AG* (^Jig. 33); but as we point of suspension is 
require the moment of inertia with re- 

_ mass X S G-^ -f j mass X A G* — qq . » / A G«\ 
mass X S G - HsG/ 




MECHANICS. 29 

Or, as the distance of the centre of S G = 36 -|- 3, using which, according 
gravity below S is represented by S G, to the abovejrule, we find the centre of 

oscillation f^Jg^ = i& = fs of an inch be- 
Fig, 33. low the centre of gravity ; this added to 

the quantity S G, or 39 inches, makes 
the whole distance of the centre of 
oscillation from the point of suspension 
39£ inches; which, as we have pre- 
viously remarked, is the proper measure 
of the length of a pendulum. 

(90.) When the weight of the rod 
has to be taken into account, the calcu- 
lation becomes more troublesome; the 
following rule is the result of such an 
investigation, in which the weight of the 
parts is used instead of their mass:» 
' Multiply the weight of the ball by the 
square of the distance of its centre from 
the point of suspension, and two-fifths 
of the square of its own radius, addine 
one-third the product of the weight of 
the rod and the square of its length ; 
the distance of the centre of oscillation and divide the whole by the weight of 
below the centre of gravity is two-fifths the ball multiplied by the distance of its 
of the square of h^f the diameter of centre from the point of suspension, 
the ball divided by the distance of the added to one-half the weight of the rod 
centre of gravity from the point of sus- multiplied by its length*, 
pension. Suppose we had a pendulum com- 

As an example of the use of this cal- posed of a rod 36 inches long and 2 lbs. 
culation, suppose we have a pendulum- weight, and a bob or ball 6 inches in 
rod 36 inches long, of very little weight, diameter and 10 lbs. weight, the centre 
with a heavy ball, 6 inches in diameter; of oscillation of such a compound pen- 
then AG= 3, or AG* = 9, and dulum would be — 

10 (39' -i- ; 3») H - i (2 X 36») _ 15213.6 __ 

10 X 39 -h f (2 X 36) — 426 "" ^^'^ inches. 

The length of the rod and the radius of inversely as the distance of the point of 

the ball are the same as in the last suspension from the same centre, 

example; but, in consequence of the (92.) When a body, or system of 

weight of the rod, the centre of oscilla- small bodies, such as a long rod, strikes 

tion, instead of being 39.1 inches dis- against any thing, the effect is generally 

tance — nearly the proper length to a jarring or vibration through the length 

vibrate in seconds — it is found to be of the rod; it may happen, however, 

only 37.7 inches from the axis. that the blow is given so that no tremor 

(91.) There is a curious property of takes place, the whole force apparently 

the centre of oscillation, by which it and being expended on the object struck ; 

the point of suspension are convertible ; the point of the rod which must strike 

that is to say, a pendulum vibrating in to produce this effect is called the centre 

any certain time will vibrate in the same oi percussion. This point is situated in 

time if it be suspended from the centre a straight line from the axis passing 

of oscillation ; the point which was through the centre of gravity, and far- 

previously the point of suspension then ther than the latter point from the axis, 

acting as*the centre of oscillation. In It may be found by the following 

general, the distance of the centre of rule : — 

oscillation from the centre of gravity is The centre of percussion of a body is 

, equal to the moment of inertia of the 

• Theformulacan be more readily expre«ed by body divided by the product of its mass 

putting w = weight of the ball, w ^ weiffht of the and the distance of the centre of gravity 

Si'L + i^S^*! °TiSS."^' *" " '**""* oF the ball, ^.^^ j^jg p^jn^ ^f suspension. 

' W(RV|r«) + iwL» (93.) This ^omi \a^ ^^cv«t^^at^^ ^^ 

^^^ — WR-f lioL — • same aa l\ve cetvXxe oi c»<£^«5L\ai^^ «K»\tX. 



30 



MECHANICS. 



where the body be of great width in pro- 
portion to its length. 

In machines, where the work is in- 
tended to be done by percussion, it is 
highly important to attend to this pro- 
perty of moving bodies. In a hammer, 
the handle is genera11y»and always should 
be, as light as possible, in order that the 
centre of percussion may be near the 
centre of the iron mass of the hammer ; 
in estimating the centre of percussion, 
the elbow or shoulder-joint becomes 
the axis. That ponderous instrument 
called the forge-hammer, as generally 
constructed, affords an instance of the 
effects produced by a striking instrument 
not arranged with reference to this pro- 
perty ; it consists of a long bar of iron 
turning on an axis passing through one 
end, the other, after l)eing lifted up by a 
tam-wheel, is allowed to fall freely on 
the substance placed upon the anvil 
beneath it ; as the blow is not given at 
the centre of percussion, a part of 
the force is spent in attempts to tear 
away from the axis. Some pendulums 
are made to affect the clockwork at the 
bob instead of the upper part, as is the 
usual method ; in such a case it is highly 
necessary to be careful that the pendu- 
lum may strike with the centre of per- 
cussion, which will be the centre of 
oscillation ; so delicate an instrument as 
the pendulum would soon exhibit the 
derangement produced by it. 

(94.) It is a point of great practical 
importance to determine the point or 
line in a rotating body where, if the 
whole weight of the body were collected, 
the rotatory power would be the same 
as in the real form of the body or instru- 



ment. Such a point is called thcF centre 
of gyration, 

(95.) To find a rule for calculating 
this point, suppose the weightless line 
S C C/%. 34), on which is fixed a 




number of small particles, as A, B, C, 
to move through tne small are A a, Bb, 
C c, their velocities will be proportional 
to the lengths of these arcs, or, what 
is similar, to S A, S B, S C ; as the arcs 
of circles are proportional to their radii, 
the momentum of these moving par- 
ticles is A X S A, B X SB, C X SC; 
but, from the principle of the lever, 
their relative effects will be according to 
their distances from the fulcrum or axis, 
or A X SA X S A, B X SB X SB, 
C X S C X S C. We may take a point 
in the line S C, as G, at which, if all the 
particles, A, B, C, were collected, the 
rotatory effort would be the same; 
therefore — 



(AH- B + C) SG«== A X SA»-f B X SB» + 

AxSA2.fBxSB»+Cx 
whence S G2 := 



C X 
SC» 



SG 



=v- 



A -f B -f C 
SA'H-BxSB'-l-CxSC* 



SC* 



or 



A 4-B -f C 

Therefore the centre of gyration of a multiplied by the radius, or .707 the 

system of bodies is found by dividing radius of the circle, 
their moment of inertia by the sum of In the periphery of a circle, or the 

their masses, and taking the square root rim of a wheel, the centre of gyration b 

of the quotient. at a distance equal to the radius. 

(96.) In a regular straight rod, such (97.) There is a useful method of 

as the spoke of a wheel, the distance of determining the centre of gyration ex- 

the centre of gyration from the axis is perimentally. Suppose the wheel and 

the square root of one-third multi- axle D C (Jig. 34*), to be movable 

plied by its length, or .577 times its about a fixed axis, passing through the 

length. centre of gravity at C, and P a weight 

In a circle tunung about its centre, which^gives motion to ti^ whole ; then 

the distance of the centre of gyrration is allowing the weight to descend for any. 

equal to the square root of one -half leng^Vi of time, coid measuring the space 
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through which it has desoeuded, we . Subtract the product of the space de- 



have the following rule : — 
Fig. 34*. 




Bceuded by the weight and its moment 
of inertia from the product of the force 
of gravity, the moment of inertia of the 
weight, and the square of the time pf 
descent; and divide by the product of 
the weight of the wheel and axle, and 
the space descended by the weight ; the 
square root of the quotient will give the 
distance of the centre of gyration from 
the centre of gravity. 

Thus, suppose a wheel and axle of 
10 lbs. weight to be moved by a weight 
of 4 lbs., acting at the circumference of 
the axle, whose radius is 2 inches, and 
falling through 12 feet in three seconds; 
then C G, the distance of the centre of 
gyration from the axis, is 



V— 



4x4x9— 12 X4X4 



10 X 12 



V4416_. 
120 



V36.9 = 6.07 inches. 



(98.) The following examples will work by means of an axle A C. If the 

illustrate some of the properties of rota- force at D, or the circumference of the 

tion about a fixed axis. wheel, is a weight P, pulling up another 

1. Suppose it were required to find weight W, suspended from the axle, 

the amount of accelerating force urging the effect of these weights will be pro- 

a revolving wheel D £ (fig, 35), when portional to their distances, CD, C A, 

acted on by a force at D, and doing from the axis ; the weight W resists the 

force P by the power it would have at 



Fig, 35. 




D, C serving as a fulcrum, and by the 
principle of the lever this resistance is 



equal to — 



W X AC 



CD 



therefore the ef- 



fective accelerating force acting at D is 
the weight minus this resistance. But 
the wheel and axle must have their 
moment of inertia, as also the weights 
P and W ; the moment of inertia of 
the wheel and axle will be the product 
of its weight and the square of the dis- 
tance of the centre of ^ration from the 
axis ; and the weights r and W, multi- 
plied by the squares of their respective 
distances from the axis, will give their 
moment of inertia ; the two being added 
together, the total moment of inertia is 

= wheel's weight X C G« -f W x A C^ + P x C D». 

The force acting at the point D will be P minus the resistance of W, which mul- 
tiplied by the square of the distance from the axis at which it acts, or C D^, is 



D«(P — 



W x A C 
CD 



^ = PX CD»— Wx ACx CD, 



and the accelerating force at the circumference of the wheel is 

P X CD«— WxACxCD 
wheel's weight X CG'^ -|- W x A C» x CD«* 

Or, multiply the weights moved by wheel's radius, and divide the remainder 

the radii of the axle and the wheel, and by the moment of inertia of the wheel 

subtract the sum from the moving and axle and the weights. 

weight multiplied by the square of the To find iVie Cotc^ ^\A.Oci ^^.c^^toNk^ 
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the weight W it must be remembered, weight P as the respectiTe distances of 
that it is to the force accelerating the the weights from the axis, or 

accelerating force at A : accelerating force at D : : AC : CD. 

The accelerating force at D, as found plied by A C and divided by C D to give 
above, will therefore have to be multi- the accelerating force at A ; which is 

PX CDx AC— WxAC . 

wheel's weight x CG^-fWx AC' + Px CD^' 

That is, subtract the weight moved system, we may find the velocity a 

multiplied by the square of the descending or ascending weight will 

radius of the axle from the moving attain in any time, and also the space 

weight multiplied by the radius of the moved through by each weight; the 

wheel and the axle, and divide by the amounts obtained from the above rules 

moment of inertia of the wheel and the being multiplied by the quantities given 

weights. in art. 47, for finding the space and 

From this determination of the acce- velocity ; thus, according to the rules 

lerating force acting on a revolving there stated, 

velocity = 32 x time of falling. 

space = 16 X square of the time of falling. 

Each of these being multiplied by .the gravity. In this case the system re- 
accelerating force at P or W will give volves with the same angular velocity 



the velocity attained and the space 
moved through by P or W in any time. 

Suppose it were required to find the 
space through which a weight of 2 lbs., 
hanging from the circumference of a 
wheel of 6 inches radius, would descend 
in 4 seconds, in drawing up a weight of 
5 lbs. suspended from the axle, which is 
2 inches radius, the weight of the wheel 
and axle being 3 lbs., and its centre of 
gyration | of the radius, or 4 inches 
from the axis. 

By the first rule the accelerating force 
urging the moving weight P would be 

2 X 36 — 5x2x6 _J 

3 X 16 + 2 X 36 + 5~x~4 "" 35 * 

or is of the force of gravity ; multiply- 
ing this by the rule for finding the space, 
we have 16 X 16 X f = 21§ feet, the 
space descended by P in 4 seconds, and 
at the end of that time would have ac- 
quired a velocity of 32 x 4x^=11 
feet per second. The height ascended 
by the weight W may be similarly cal- 
culated. 

2. It is of importance to know, when 
a wheel turns on an axis by the action 
of any weight, the amount of pressure 
exerted upon the axis ; when the system 
is at rest, the pressure would be equal 
to the weights of the wheel and weights 
suspended from it ; but, in motion, this 
pressure is in part taken off the axis. 

Suppose the wheel, ^. 37, to revolve 

by the action of the weight P, drawing 

D another weight W; o being the 

the ftre of osciJJation and g the centre of 

equal 



Fig. 37. 



P 



w 



as if P and W were placed at the centre 
of oscillation, and« as the accelerating 
forces are as the velocities produced in 
a given time, we obtain the proportion — 

Co:Cg:: P 4- W : ^ x (P + W). 

C o 

The last term of the proportion gives 
the accelerating force at the centre of 
gravity g. Now the distance of the 
centre of oscillation from the axis, ac- 
cording to art. 86, is found by dividing 
the sum of the weights in the system, 
multiplied by the square of their re- 
spective distances from the axis, by the 
sum of the weights multiplied by their 
respective distances from the axis; we 
have, in the present instance, two 
weights, and, as they are on opposite 
sides of the axis, the distance of their 
centre of oscillation, C o, will be — 
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To 



P x_C D« + Wx ACa 
P X C D — W X A C • 

find Cg, or the distance of the 



centre of gravity of the system from the 
axis, multiply each weight by its dis- 
tance from the axis, taking the difference 



of the two, as they are on opposite 
sides of the axis, and divide by the sum 
of the weight; hence 

Q P_XCD — WxAC 



W-f P 



Then 5l = ( Px CD-Wx A C)« 
Co P x CD« 



X 

as it was found by the proportion shown 
above that the accelerating force is 

^ X (P + W), if we multiply by 

P + W, the accelerating force acting 
on the centre of gravity will be 

(Px CD — Wx AC)» . 
Px CD«-|- Wx ACa ' 

or the square of the difference of the 
weights multiplied by their distances 
from the axis, and divided by their mo- 
ment of inertia. The more powerfully 
the force acts upon the centre of gravity 
to make it descend, the less weight will 
be incumbent upon the axis of motion, 
so that the real weight upon the axis 
during motion will be 

P + W - (P x CD— W X AC)» 
P X CD2-f Wx AC^* 

Suppose it were required to find the 
pressure upon the axis of a wheel of 2 
feet radius, to which two weights, as P 
and W in the above figure, weighing 
10 lbs. and 20 lbs. respectively, the axle 
being 6 inches radius. The sum of the 
weights is 10 + 20 = 30 lbs. Then 

30 — (to X 24 — 20 X 6)« 
10 X 576 -f 20 X 36 

will express the pressure upon the axis 
when the wheel is in motion ; perform- 
ing the operations indicated, the above 
expression is equal to 

30 — 111?? = 30 — 22 = 27J lbs. 
6480 . 

If the weights act at an equal dis- 
tance from the axis, the expression for 
the weight upon the axis will become 

^ ph- w ' 

or the pressure will be equal to the 
sum of the weights minus the square of 
the difference of the weights, divided by 
their sum. Thus, in the above example, 
if the weights act one on each side of 



+ Wx ACS W + P 

the pulley, they will of course act at 
equal distances from the axis, and the 
pressure will be 

30-(l Q-^Q)' = 30-lgg = 28lbs. 
30 4- 20 50 

3. It is an interesting problem to find 
what the proportions of the radii C D, 
C A (JSg, 37), of a wheel and axle must 



Fig. 37. 




be, in order that a given force P may 
raise a weight W, or perform a work in 
the shortest time. We can here give 
the results only of such an investigation 
which requires the assistance of mathe- 
matical principles, which cannot be in- 
troduced here. The radius C D of the 
wheel may be thus found, the radius 
C D of the axle being considered equal 
to 1:— 

To the square of the weight, divided 
by the square of the power, add the 
weight divided by the power added to 
one-half the weight of the wheel, and 
to the square root of the sum add the 
weight, divided by the power. 

For example: suppose the wheel 
whose radius is required, to be 10 lbs. 
weight, the diameter of the axle being 
1 inch; the weight lifted or W = 
50 lbs., and the power P s= 15 lbs, 
Then^ 



*»,< 
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C D = A /'— + ^ + ^ = 3.75 + 3.33 = 7.1 inches neaily. 

(99.) When a force actuates a body centre of grayity of the whole being at 

wfiich, having no fixed axis, is at liberty G, and we require to detennine the 

U} move in anv direction, two conse- effect produced by a force acting at any 

qtjences may be observed — there is point, as C. According to the property 

either a simple progressive motion of of the lever, the effect produced on the 

the whole bcxly, or a rotation about particle A is to the effect produced on 

some point as an axis, and a progressive the particle B, as B C : A C, which will 

mr>tion also. The former effect results consequently be the ratio of the spaces 

when the direction of the force passes A a, B 6, described in any time, if the 

through the centre of gravity of the bodies be equal ; if they be not equal, 

body, and the latter, when the direction the velocities with equal forces being 

of the force passes in any other direc- inversely ,as the masses (art. 32), the 

tion through the body. The subject is ratio of the spaces described will be 

one of great interest in the physical t» p a ^ 

8ci(*nc<;H, as it explains several astrono- — ■ : — — - . Taking A a, B 5, in the 

micul phenomena, such as the preces- ^ ^ 

siori of the equinoxes and the nutation ratio of B C : A C, draw a line a b, 

of tlie earth's axis in consequence of the joining their extremities, and produce it 

uttnictive forces of the sun, moon, and to meet the line AB produced in S; 

plaiH'tH, besides numerous questions in then S is the point about which the 

the mechanical sciences generally. <^hole system revolves for the instant 

(100.) For the purpose of showing during which it describes the space be- 

the nature of this compound motion, tween the lines ; its distance from the 

suppose the two particles A, B(Jig, 38), point of application C of the force may 

be found from the property of similar 

^'S' ^^' triangles, whence B S : A S : : B6 : Aa; 

or 

as ^ : ^^,oras AxAC : BxBC; 

again, as B S == CS — CB, and AS 
= A C 4- C S, the proportion may be 
to be connected by the line A B, the given — 

CS — CB: AC-fCS:: Ax AC: BxBC. 

Multiplying them together we have 

CSxBxBC^BxCB«=CSxAxAC-fAxAC». 

ht)m this wo obtain merely a progressive motion of the 

\ s/ APJ_i-Rv RP3 whole. 

CS=: ']^ ^\\ T."^">;.. (101.) As we hare seen that the 

Hx Hi AxAO centre of spontaneous rotation is to be 

which is the expression for the distance found by the same method as the centre 

of the centre of percussion of a body of percussion or the centre of oscillation, 

fnun its axis. While the particles A we may readily determine the two mo- 

and H move through their respective tions of a body when the force applied 

arcs A a, B 6, the centre of gravity, G, and the mass of the body are known, 

of the whole has moved through the Suppose, for instance, a force P (Jig. 

8(mco G j ; the system thus acquires a 39), to act at P upon the ball A, its 

im^rossive as well as a rotator}' motion, direction P D would not be through G, 

rik^ (K^nt S is called the centre of jepoM. the centre of gravity; a motion will, 

tanrx^Hs rotation, and varies in position therefore, ensue for an instant round 

acct^rding to t)u> point at which tne body some point S. The progressive velocity 

is struck. When the system is struck communicated by the force is equal to 

at G« tW levora^ of both (>articles the force divided by the mass of the 

being «H)ual or in inverse proportion to body; and the rotatory velocity mav be 

their nvi$s««« an equal amount of motion found by dividing the foice sopKea bj 

endues in e«ch particle, and there is Uie pioaQct of ttie mass of tbe body. 
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Fig 89. 




the ratio of the circumference of a 
circle to its diameter, and the distance 
of the centre of spontaneous rotation 
from the centre of gravity of the body, 

^' A X 6.28 X S G* 

For instance, if a ball 12 inches 
in diameter, and 20 lbs. weight, were 
struck by a body of 1 oz. weight, 
moving at the rate of 60 feet per 
second; the direction P D of the force 
meeting a radius at a distance from the 
centre G of ^ of the radius, what would 
be the progressive and rotatory velocity 
of the ball? The comparative mo- 
mentum of the impinging force may be 
called 60 (art. 33), and the ball being 
240 oz. weight, its progressive velocity 
will be j!^ s= ^ of a foot pei* second. 
To find the rotatory velocity, the dis- 
tance S G must first be determined ; but 
as it is the same as the centre of oscilla- 
tion, it will be two-fifths of the square of 
the radius divided by the distance be- 
tween the point D and the centre of 

gravity G> or SG =^(-^')j butas 

D G is supposed to be equal to half the 
radius, S G := | radius, which will be | 
of a foot. The rotatory velocity will be 



tendency to change from that position ; 
such an axis is called a permanent axis 
of rotation. In every body there are 
three such axes, called the principal 
axes of rotation, about any one of which 
motion will continue, as the centrifugal 
forces are in equilibrium.' 

(103.) The determination of these 
axes by calculation would be a trouble-^ 
some process, but they may be found in 
&ny body tymmetrical about an axis pass- 
ing through it, from the circumstance 
that this axis will be one of the three 
principal axes, the centrifugal forces 
being in equilibrium; also it is found 
that the three axes are at right angles to 
each other. 

Thus a sphere is symmetrical about 
any diameter, and the centrifugal forces 
are equal if the sphere be homogeneous ; 
therefore the three principal axes in a 
sphere are any three diameters at right 
angles to one another, as A B, CD, 
E F (Jig, 40). 

Fig, 40. 




60 



60 2 - - ^ 
=: — of a foot 

303 10 



240 X 6.28 X f 
per second nearly. 

(102.) It may be generally observed 
in a firee rotation that the axis is tempo- 
rary, for after the body has rotated about 
one axis for a short time it will move 
about some other axis passing through 
it, which is in consequence of the cen- 
trifugal force created by the motion of 
the body not acting equally on each side 
of the axis. This movement of the 
Bods will oontinae ontil one is obtained 
aroond which the centriftigid forces wiD 
be equal, and the' aiis morafesti no 



In a circle one of the axes is a line AB 
drawn at right angles to its plane (as 

Fig. 4L 
C 
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the axle of a wheel), the other two 
being any two lines drawn in the direc- 
tion of its surface, and at right angles to 
one another, as in^. 41. 

In a rectangular parallelopiped the 
axes are three lines drawn parallel to 
the sides and equidistant from them. 
The three principal axes of a cylinder 
may be similarly drawn. jPi^. 42. 

Fig, 42. 



These facts may be pleasingly illus- 
trated by means of the instrument 
shown in /^. 44. Upon the stand A B 
is fixed the pillar A C, carrying a hori- 
zontal arm C D ; at D there is a small 

J^«..44. 



K 



c 



-' 



In an ellipse the principal axes are 
the axes of that figure, the longest axis 
being the major axis of the ellipse, and 
the other two any two minor axes at 
right angles to one another, as in fig. 
43. 

Fig. 43. 




£ 




(104.) It has been found that bodies 
do not tend to turn about any one of 
these axes indifferently, for in the case 
of the axis K'Bt figs, 41, 2, 3, unless 
they rotate accurately round that line, 
which is scarcely possible, the axis will 
be relinquished for that which is the 
shortest axis of the three ; this axis is 
the only one of the three into which 
there is a tendency of the body to settle. 
Any mass rotating freely will, therefore, 
adopt a number of spontaneous axes 
until it settles finally in the shortest 
which can be obtained. This singular 
law of rotating bodies is exemplified in a 
most striking manner in the rotations of 
the planets. The earth has been proved 
by various methods to be of an oblate 
C'pheroidal form, revolving about its 
^ diameter. 



pulley turned by the multiplying wheel 
£, which is moved by the handle near 
its circumference. From the pulley D 
a thread is suspended, to which is at- 
tached the object intended for experi- 
ment. In the figure we have placed a 
representation of the planet Saturn, 
attached to the string at the point F, 
which is one of the longest diameters of 
jthe whole body. On turning the wheel 
it will not rotate about the axis F G, but 
the shortest axis a 6, as is shown in the 
figure by the dotted lines, if the rotation 
be sufficiently rapid. 

(105.) In the descent of bodies along 
inclined planes by rolling, the effect is 
different from that which would result 
from a sliding motion ; a ball or a cylin- 
der will roll under such circumstances 
because friction prevents its sliding, and 
as the line drawn from the centre of 
gravity of the ball perpendicularly down- 
wards does not pass through tne point 
of contact, the ball continually tumbles 
over or rolls. The effect of gravity in 
such a case as compared with its effect 
upon a body moving freely may be found 
in the following manner. Suppose the 
circle AB, fig, 45, to have a thread 
wound round the circumference, one 
end being attached to a fixed point at 
S ; if the circle be allowed to move, it 
will descend by unwinding the thread, 
but not so rapidly as if it were free ; it 
is thus made to rotate. At every in« 
stant of its downward motion it is turn- 
ing about some point, as B, in its circum« 
ference, which is thus a spontaneous 
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axis, and is similar to a pendulum, hav- the arrow, or the tangent A T to the 
ing its centre of oscillation O, which curve. A stone tied to one end of a 



Fig. 45. 



Fig. 46, 





moves as though the whole mass of the 
circle were placed there, and suspended 
from the point B; also the motion at 
this point will be the same as that of a 
body moving freely. The velocity of 
the centre of gravity is, however, the 
proper measure of the velocity of the 
body's motion ; so that the ratio of the 
velocities of these two points will be 
equal to the ratio of the velocities of a 
body moving freely by the action of gra- 
vity and the body unwinding the string ; 
that is as Oo : Gg, or from the rela- 
tions of the sides of similar triangles, as 
B O : BG; but B O and BG are the 
distances of the centres of oscillation 
and gravity from the temporary point of 
suspension B ; therefore the velocity of 
a body falling freely is to the velocity of 
the body unwinding the thread as the 
distance of the centre of oscillation to 
the distance of the centre of gravity 
from the temporary axis of rotation at 
the circumference of the circle. 

( 1 06.) We have had occasion to no- 
tice (in art. 102) the effect o^ centrifugal 
force upon rotating bodies; it is a force 
called into action by revolving motion, 
and its tendency is to force the body 
from the curve line in which it moves 
into a rectilinear path, as is shown in 
fig. 46 ; the dotted circle A B D repre- 
sents the path in which a particle A is 
made to revolve about the centre C, 
from which it will continually endeavour 
to fly off in the direction indicated by 



piece of string, the other being held by 
the hand, affords, when whirl«i in the 
air, a simple illustration of the nature of 
centrifugal force; as the velocity of its 
revolving motion increases, the centrifu- 
gal force increases ; the tension or pull 
on the string being equal to the centri- 
fugal force. The opponent force, or that 
which retains the revolving' body in its 
curvilineal path, is called the centripetal 
force. In the arrangements of all heavy 
instruments and machines, where a con- 
siderable rotative velocity is required, it 
is of importance to know the amount of 
centrifugal force brought into action, or 
the centripetal force necessary to pre- 
serve the machine from injury. 

(107.) The calculation of the centri- 
fugal force exerted on any body revolv- 
ing with a known velocity, and at a 
known distance from the axis, is easily 
effected. The following is a simple 
method : — 

- Find the height through which a body • 
must fall to acquire the velocity with 
which the body in question rotates, and 
this proportion is obtained: the radius 
of the circle described by tl '" 
body is to twice the hcM ^ 
the velocity as the w< " 
is to the centrifugi 




to the rules given/ 
or space move 
given velocit 
that velocj 
of gravity, 

equal to 1X!!??151' 

the above proportion wiU h 



^<'C 18 

making use nf ihia 



radius : (l?!2^' : : weight of body : (!?lO!2<_^eigh 
32 ^ -^ 32 X radius ' 

The last term therefore expresses the the times of their revolp 

centrifugal force. or the centrifugal force 

(108.) When two or more bodies are body A is to that actiiif 
revolving on their centres, the relation 

between their centrifugal forces is as as ^^'"* ^^ ^ ^ ^ 
their radii directly and as the squares of (time kA K^ 
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(109.) From the nature of central 
forces we may find the time of revolu- 
tion and the centrifugal force acting on 
any body revoWing at any distance horn 
the centre of the earth ; the centripetal 
force in this case being gravity. Sup- 
pose P, Jig. 47, to be moving in the 
circle P D S, its tendency, according to 



— T 




the property of inertia, would be to 
continue its rectilinear motion in the 
direction P T, but by the centripetal 
force it is brought to F, through the 
very small arc P F, in the time that it 
would have reached G ; the body may 
thus be said to have fallen through the 
space G F or P A, the latter being con- 
sidered parallel and equal to G F, while 
it moved through the distance P G ; the 
lines P A and P G may therefore be 
taken to represent the relative amounts 
and directbns of the forces acting in the 
directions P T and P C. We shall here 
consider the arc P F so small that the 



V32 X radius : 2 radius X 3. 

By the last term the time of revolution 
ever, be simplified thus : — 

2 rad. X 3.1416 /"TradT" 

^32 X rad. ""^Z 32 X rad. 

or, the time is equal to 3.1416, multi- 
plied by the square root of the quotient 
of twice the radius divided by the 
space fallen freely in the first second. 
Thus, in order that a body should re- 
volve round the earth at its surface, the 
radius of the earth being 3,956 miles 
or 20,887,000 feet, it would require a 
velocity of about 26,000 feet per second, 
and the time of revolution would be 
5,084", or about 1 hour, 24 minutes, 
44 seconds. 

(110.) By the aid of the above consi- 
derations we are able to find the relative 
amount of the centrifugal and centri- 
peud forces at the earth's surface. In 



line P F may not perceptibly differ from 
a straight line, and P F A wiU be a tri- 
angle ; then drawing a line from F to D, 
the point where the diameter from P 
meets the circumference, we have the 
similar triangles P F A, PDF, and con- 
sequently the proportion — 

PD :PF::PF:PA. 
P A, or the space fallen by the moving 

particle, is thus equal to ^ _ • 

^ PD ' 

and the distance PF described in the 

same time will be equal to /^PDx P A^ 
or the square root of the product of the 
diameter of the orbit and the distance 
moved through by the action of gravity. 
These results will serve for calcula- 
tion. The space P A may be taken to 
represent the space a body falls by the 
action of gravity in the first second of 
time or 16 feet; then the small space 

-will be >/16 X diameter; or, as the dia- 
meter is equal to twice the radius, it 
will be more convenient to make the 

above equal to tJZI x radius; which 
expresses the velocity of P*s orbital 
motion. The time of revolution may 
be easily found ; as the velocity of P we 
have obtained gives the rate per second, 
the whole time of revolution will be to 
one second as the velocity of P is to the 
circumference of the circle, which is 
equal to the diameter or twice the radius 
multiplied by 3.1416; or using these 
more calculable quantities 

,, /2rad. X 3.1416 \" 

1416x1" :( -— ). 

\ v^32 X rad. / 



may be calculated. This term may, how- 




X 3.1416 = 3.1416 



the first problem, the relative amount of 
the central forces, we can find what the 
time of revolution ought to be in order 
that the forces may counterbalance each 
other; then by art. 108 the forces are 
to one another as the squares of the 
times of revolution inversely. We have 
already found the time of revolution at 
the earth's surface, when equilibrium is 
obtained, to be 5,084 seconds, but tne 
earth revolves in 23 hours, 56 minutes, 
4 seconds, or 86,164 seconds; then, if 
we call the force of gravity 1, we find 



(86, 164")* : (5,084")5 



1 



Therefore the centrifugal force at the 
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equator of the earth is ^ of the attract- try, A P represents the cosine of the angle 
i ve force or gravity. £ C P, whence A P 2 = E C « cos. * E C P ; 

The centrifugal force is not the same or the centrifugal force at the equator is 
in all parts of the earth, and the above to the centrifugal force at any latitude as 
ratio of the two forces is limited to the the radius of the earth, to the square of 
equator. In explaining the causes of the cosine of that latitude ; the force of 
variation in the time of vibration of pen- gravity also diminishes as the square of 
dulums (art. 67), we had occasion to re- the cosine of the latitude. We say this 
mark that the force of gravity, or the cen- however, considering the earth as a 
tripetal force, is greater as we approach sphere ; but as the earth is compressed 
the poles or stationary points of the at the poles, by reason of its rotatory 
earth; at the north and south poles the motion, .0033 or ^gth of its equatorial 
centrifugal force is nothing ; one of the diameter, the decrease of gravity is not 
causes of the increased effect of gravity is truly according to the above law. It 
therefore the decrease of this opponent . has also been found, in the use of the 
force. In/g. 48, let N and S represent pendulum to determine the intensity of 

jf,. .y gravity at different latitudes, that local 

^* ' circumstances, such as geological consti- 

tution or the vicinage of hills, affect the 
intensity of gravity. 

(111.) The following illustration ex- 
hibits a simple method of calculating the 
tension resulting from the action of cen- 
trifugal force. Suppose the ball A (Jig. 
46), to be revolving in the dotted orbit 
or circle A B D, then the centrifugal 
and centripetal forces are equal at the 
the north and south poles of the earth, circumference of the earth when the 
E Q the equator ; then the latitude of . /2T3Ld~ 

the place P will be the arc E P, and timeof revolution is 3.1416 W __• 

measured by the angle E C P ; taking ^ 

A Pas the radius of another circle, we (art. 110), and the greater centrifugal 

find by art. 108 the relation of the force is to the lesser centrifugal force as 

centrifugal forces at E and P is as E C the greater to the lesser radius directly, 

to P A, which gives the relative centri- and as the square of the greater to the 

fugal force in the direction A P ; but as square of the lesser time of revolution 

we require to have it in the direction inversely; or (T being the greater and t 

C P, or the vertical at the point P» we . \ i 

have the following proportion, calling ^^^ Cesser time) as _ to - (art. 108). 

the radius E C = 1 : — r, . 1 1. , 

bupposmg the greater radius and greater 
l:Ar::Ar:Ar. centrifugal force each equal to unity, the 

According to the principles of trigonome- proportion just stated will be 

16 AC .. 1 . 2 X 3.14162 x AC 







2 X 8.14162 (time of A)' 16 X (time of A)' 

The last term thus gives the centrifugal The powerful effects of centrifugal 
force in the circle A B D, whose radius force in locomotion are well known; a 
is A C. carriage turning the comer of a street 
For example ; if A C = 10 feet, and cannot be driven with very great velo- 
the time of A's revolution = 2 seconds, city lest it should overturn ; and the 
its weight being 5 lbs., the centrifugal experienced horseman almost instinct- 
force would be ively leans inward under similar condi- 
2x314162 197 7 tions. This principle is imitated in rail- 
— ' - — = -7..— == 3ifc nearly. ways where curves occur. From the 
lo X 4 o4 great speed with which a train moves. 
That is the string, or whatever held the the centrifugal force 00 a curve would 
ball A m its orbital motion, would ex- be so great as to throw the ttain from the 
perience a tension of B^ times the rails unless some method' 
weight of the ball, which in the present neutralize this fotCA. 'CVi 
example would be 15 A lbs. is tV\at o£ tUA\ii% x9ea Q 



40 MECHANICS. 

■howD io (Jig. 40), D being the outer referring the readertosameof the wMka 
rail, or the farthest fron tm centre of mentioDed at the end of this trecttse for 

a demoDstration of the more general 

proposition. 

Let F F be two forces acting upon ■ 

particle at A, in the directions A P, 



Fig. 49. 




the circular cutTe, and C the inner rail. 
The centre of gravity G of the carriage 
is thus thrown inww^s, or towards the 
inner rail, by the distance B A., which 
neutralizes the centrifugal force tending 
to tiirn the carriage over the rail D. In 
this case it ia required to find the eleva- 
tion of the outer rail D, in order that 
the centre of gravity may be thrown 
enough inward to keep the carriage or 
train in a state of stability when at its 

Eeatest tpeed on the curve. It has 
■en found that for a curve of a thou- 
sand feet radius the outer rail should be 
about 3 inches higher than the inner 
rail, when the train moves at the rate of 
30 miles an hour. Notwithstanding the 
precaution thus taken, it may be ob- 
served, when trains run along curves at 
high velocities, that there is a great deal 
of vibration, especially when the gauge 
or width between the rails is narrow. 



(I.) ThtparalMogranio//6rcei^-Thia 
proposition is one of great imporLince in 
the science of Mechanics, being found 
under various points of view in very 
many of the proUems in statics and 
dynamics. 

The most general view which can be 
taken of the subject is that wherein 
several forces are supposed to act simul- 
taneously upon a material particle, no 
limitation being made to the direction in 
which each force sbali act, these forces 
are then referred to three planes at right 
angles to one another to obtain the ne- 
cessary expressions for the calculation of 
their resultant. We shall, however, in 
the succeeding investigation limit the 
direction of the forces to one plane, by 
B-A/cA the problem is much simplified; 




A F, situated in one plane. Draw 
through the origin A the lines \ x. 
Ay. at right angles to each other; 
then each of the forces F F' may be 
decomposed into two — one in the direc- 
tion of the Hiis Ai, and the other in 
that of Ay. If we represent the angles 
FAB, FAB, which the forces PF 
make with the axis A.xby a, a, and the 
angles F A C, F' A C, made by the same 
forces with Ay by ft j3', by the prin. 
ciples of trigonometry the component 
forces of F, which are A B, A 4, may be 
denoted by 

F COS. a. F COS. fi. 



Adding these components as referred to 
the axes A x, Ay, and expressing their 
sums by X and Y, tiiey become 
F COS. a -1- F COS. o' = X. (I) 
F COS. ^ -I- F COS. ^ = Y. (2) 
The forces being thus reduced to two, 
acting at right angles to each other, their 
resultant K will be the diagonal of the 
parallelogram formed by their quantities. 
Therefore 

E=./3Ph^YI. (3) 
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By this equation the magnitude of the E A F' by /3^» the components of F in 

resultant may be found ; to determine these directions will be 

its direction, let a and b be the angles p» cos a" F" cos 8 

R A D and R A E which it makes with ^g.) Uniformly AcceUraUd Motion^ 

the axes A », A^^; then ^^ „Jj^, •(„ d/terinine the relation of 

X — R cos. a, Y — R cos. A. time, space, and velocity in this descrip- 

From which we obtain the function of tion of motion, we may suppose a uni- 

the angles form force F acting on any material par- 

cos a = — • cos 6 = X, (i\ *^^*® ^°' * '®"Sth of time T composed of 

r' * R a number of minute portions of time 

If the number of forces in the inves- ^' '•.,*«=• ' *"?,! 'hole number n of these 

ligation are more than two, their com- P". "L! It "^h ,^^ f ^^ 

Donenu with resoect to the axes A x ^•*°'® "'"*' <"•"' = T ; then the force 

Xy. have merely to be added to the acting at each of these small portions of 

eauations (Vi bxiI (2^ ^^^ multiplied by the time of motion will 

If the angle between any two forces gi'^e the velocities at the endof each time. 

be greater than a right angle, some of '» ^ /, 3 /, 4 /, 5t ni, 

the component quantities will be nega- ^ '» 2 F <, 3 F /, 4 F /, 5 F /....« F /• 

tive, as occurs with the force P; in And these velocities being supposed 

this case denoting the angle BAF"by uniform during each of the times, the 

a", and the angle made with Ay or spaces corresponding will be 

F/2, 2F/«, 3F/«, AYt\ 5F/» wF/*, 

because the velocity multiplied by the time gives tlie space described (art. 12). 
The sum of these quantities is — 

F<«(H-2 + 3 + 4+5....>.)=F<' "(" + ') = £^' + gf!^; 
^ ' 2 2^2n 

and as « t = T. the las^ expression = ;^ ^ , ^^^^^ ^^^ uniformly accele- 

2 2 ft * rated particle to describe the small space 

This, therefore, is the sum of the spaces ^ in the small time dt, the velocity will 

described with a number of uniform he 

velocities, and is greater than the space c = .^ , (5) 

described by a body uniformly accele- dt * 

rated, for it must be evident that a par- ^.i^j^,, supposes the rate of motion to be 

tide would move through a less space uniform; if the velocity increase by uni. 

with an increasing velocity than it would form acceleration during the small time 

if It had the terminal velocity during the ^^^ ^he velocity will be i; + rft; at the 

whole time of its motion ; so that the ^^^1 ^f ^^e time t + dt, or dv is the in- 

space * described with a uniform accele- cremeiit of velocity during the smaU 

ration is less than the last expression, ^^^ ^^^ ^j, as the force is constant, it 

but It will approach it nearer as the ^jji j^^ ^^e additional velocity dv dur- 

small times / are smaller, by which their j^g each smaU portion of time, and dv 

number n becomes greater, and when n multiplied by the number of small times 

IS infinitely large ^^ contained in any length of time will 

^j_FT^FT^, give the velocity attained during that 

2 2n ' time; if the time be I, dv will have to 

we may observe here, that as we have be multiplied by — ; thus 
supposed n to become an infinitely large ^^ 

number, the second fraction will be ex- p dv ,^. 

ceedingly small, and may be disregarded, "JJ" • ^ -^ 

w ence ~,^j We have now obtained two equations 

f -— £.i_ ^ or iF T'. ®^ motion, ds := vdt, and Fdt = dv^ 

2 * whence 
Again, according to the note to art ¥ dt ssvdv, (7) 

12, the velocity of a body moving By substituting g (s= 32AQ C«fi^\lSl<c 

through any space i in a certain time t, we can obtaau qh^t^^saotao'IV^^^ 
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gravity ; for by equation (6) g := — , 

whence dv ^ g dt, and integrating v = 
g t ; also, by equation (5), (2r := vdt, or 
using the value just found for o, ds s: 
g/(i^, which by integration gives «= ^g/^ 
which is similar to the result obtained 
by the first method ; from this equation, 
and t; := g/, we have the following 
equations for calculating space, velocity, 
time, and force : — 

* = 4g/a = A/r=Jl!. 

, 2* 

r=:g/=^=:^2g.. 

. V 2 s tit 
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(3.) Rotation about a fixed axis, — Sup- 
pose the particles m, m\ m'\ to be attached 
to a fixed axis A, and stationary with re- 




spect to each other, their radii being r, 
r , r"; any motion communicated to the 
system would produce the same angular 
velocity^ in each particle, but the axes 
described being as the length of the radii, 
the respective velocities would be r^, r'$, 
r^B, of the particles w, iw', w". Their 
quantities of motion would therefore be 
mrB^ m'r'B, wt'V'tf, which will be pro- 
portional to the force impressed upon 
the whole system. Let jf be a force 
acting at P in the direction P B, which 
would equilibrate the force mr at m; 
then if a line be drawn from the axis 
perpendicular to F B by the principle of 
the lever — 

/ : mr6 :: Am : AB ::r: AB. 

From which we find 

fX AB = »tr»^. 

The same may be shown of any other 
forces, /', /", equilibrating the moments 
of the particles wi', w", or w'r'tf, m"r"6\ 
so that, taking the sum of the forces 
f-^-f-^f'^ F, we have 



F X AB = e(f^m -h r'*« -h /'••i")- 

Supposing the particles m, m', h/', equal 

F X AB==^2wr*. 

The quantity Smr* indicates the sum 
of the moments of all the particles in 
the system ; for which sign we use that 
of integration, whence ^mi^ will become 

fr'dm. 

In the last equation F X A B represents 
the moment of the force F with respect 

to the axis A, and f r^dm the moment 

of inertia of the system with respect to 
the same axis ; the same equation also 
furnishes an equation for the angular 
velocity B, 

Fx AB 

^ = J'r^dm ' 

The calculation of the moment of 
inertia is illustrated in the following 
examples ; — 

To find the moment of inertia of a 
straight rod, — Let / be the length of the 
rod, being attached to a fixed axis at one 
end, and x any point in its length. Then 
the moment of inertia of the point x 

will be I x'dx, which, to extend to the 

whole length, must be integrated be- 
tween the limits of jr =: and x = /, or 

/ x^dx ss: il^, which is the moment 

of inertia of a straight rod. 

To find the moment of inertia of a cir» 
cle rotating about its centre, — In a circle 
whose radius is r take a point at any 
distance x from the axis, which will thus 
describe a circle whose circumference is 
2 9rjr(7r=: 3.1416), and surface frjr, the 
latter expression being equivalent to the 
mass of the circle, as it is supposed to 
be very thin; then the differential of 
irx^f or 2 IT xdx, will express the element 

dm, and jr^dm = f2wx^dx=s i«"**, 

wh'ch when x becomes equal to r, 
= iwr*, the moment of inertia of a 
circle revolving like a wheel about its 
centre. If the circle be of any thickness, 
it becomes a cylinder, and the result we 
have obtained must be multiplied by the 
length of the cylinder ; if the length be 
/, the moment of inertia of a cylinder is 
i IF Ir*, 

To find the moment of inertia of a 
sphere revolving about a diameter. -^In 
the accompanying figure, D £ is a section 
of a sphere, A X being a diametral axis. 
Suppose the sphere to be divided into a 
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number of thin plates, one of which is 
shown at Bd, and may be called dx-, C 




a point at the distance r from the axis 
AX, Cc being an elementary portion, 
which we sh^l call dr, so that Be 
zsi r ■\' dr. The circumference at the 
point P describes a length equal to 2 tt r 
during a revolution, and dm will in this 
case be = 27r r^drdxy which, inte- 
grated with respect to r = BR and 
r = 0, gives \iti/^ dx for the moment of 
inertia of the cylinder or small portion 
whose thickness is dx, where y = BR. 
To apply this to the whole sphere, we 
shall take the equation to the circle*, 
which gives i/^ 7=z2rx — x^, r being the 
radius AK of the circle or sphere, 
whence y* = 4 a^ j?^ — 4 a jt' + a:*; sub- 
stituting this for^*, we have \ir f t/*dx 

= § frc?a^ — ^ndx^ -f i^jTrjr*, Which, 
taking x between the limits jr = r and 
;r := 0, shows the moment of inertia of 
the hemisphere D A E to be -^^ 7r r*. This 



amount being multiplied by 2 gives the 
moment of inertia of the whole sphere 

4. To find the centre of otcillaiion»^~ 
According to the investigation given in 
art. 86, the distance O of the centre of 
oscillation from the axis may be found 
from the general formula— 

Jr^dm 

frdm 

Thus the centre of oscillation of a 
slender rod, whose length is i, will be 

777/ "">""* 

2 

As the centre of percussion is identical 
with that of oscillation, except where the 
body has considerable width in propor- 
tion to its length, the same formula will 
apply, 

5. To find the centre of gyration, — By 
art. 95 the distance G of the centre 
of gyration from the axis is equal to the 
square root of the moment of inertia 
divided by the sum of the particles in 
the body or system; whence we have 
the following formula :— 



V 



ff^dm 
dm 



Thus, in a straight rod whose moment 
of inertia is |/^ 



G 



=/\/x=>/*'' = V^ 



In the preceding chapters of this treatise we have endeavoured to give a general 
and simple view of dynamical science, although of necessity much that is valuable 
is omitted on account of the mathematical expressions which would necessarily 
have to be introduced ; we have also omitted those parts of the science of motion 
wliich connect themselves more particularly with astronomy, the treatise on that 
sublime science comprehending a full statement of those subjects. 

The science of dynamics is of comparatively recent date, nothing having been 
done before the time of the celebrated Galileo. Aristotle, who lived about 320 
years before the Christian era, had indeed attempted to give some laws of moving 
bodies, but they were generally erroneous. From that time nothing was done to 
advance the knowledge of moving forces for many centuries ; the few who studied 
mechanics after the time of Archimedes (who wrote upon statics) either implicitly 
believed the dogmas of the philosopher of Stagira, or had not sufficient persever- 
ance to investigate for themselves those phenomena which must have continually 
demonstrated to them the incorrectness of their great master's views. Pappus, 
Cardan, the Marquis Ubaldi, and Simon Stevin, subsequently wrote upon several 
of the principles of equilibrium, the last-mentioned philosopher discovering that 
very important proposition the parallelogram of forces ; which, however, he lefl to 
succeeding inquirers to apply generaUy. We now arrive at the period of Galileo's 
labours in physical science. In a little work on Statics, published in 1592, he laid the 
foundation of the principle now known as that of virtual velocities ; he «i^\^«x^ 



* See Algebrc^cai Geometry, axt. %5. 
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gare his theory of Tariable motions, a subject which had been ontonched by all the 
philosophers who lired before his time ; he thus found the rate at which a body 
was accelerated in falling towards the sur&ce of the earth. He discovered also 
the principle of the pendulum, it is said through accidentally observing a chande- 
lier swinging in a church at Pisa ; and founds! the theory of projectiles, proving 
that the curve described in the air by the projected body is a parabola. From this 
time the science of mechanics was continually enlarged, either by private investi- 
gation or through the continual efforts of the sdentiftc men of succeeding times to 
puzzle and annoy one another. Mersenne, in 1635, proposed for solution the 
problems of determining the centres of oscillation and percussion in a system of 
> bodies capable of moWng about a fixed axis. Huyghens correctly determined both 
Questions ; in solving the former, he brought out a theorem which subsequently 
formed an important principle in mechanics ; this proposition was, that if a com- 
pound pendulum has described the downward half of its arc of oscillation, and the 
separate bodies of which it is composed were suddenly disunited, each performing 
the remainder of the arc of oscillation with the velocity it had attained in descend- 
ing, the common centre of gravity of these several parts will rise to a height equal 
to tliat which would have been described by the centre of gravity of the compound 
pendulum. Huyghens b celebrated as the discoverer of the isochronism of a pen- 
dulum when vibrating in a cycloidal curve ; also, he was the first who studied curvi- 
linear motion. Our countrymen Wallis and Sir Christopher Wren, and Huy- 
ghens, about this time investigated the laws of collision, each arriving at the truth 
independently of the others. In 1686, James Bemouilli took up Huyghens' dis- 
puted theorem, and, with the assistance of the Marquis de THopital, established 
the principle in a moving system of bodies called the preservation or conservation 
of living forces {contervitio virium vivantm), which is this : — If we take the sum of 
the products of the masses multiplied by the squares of their velocities, it will be 
found the same at every instant of time. At this period (1687), Newton published 
his Prindpia, which related more particularly to the motions of the heavenly 
bodies ; investigating their orbits with reference to the new theory of gravitation. 
He demonstrated the principle of the preservation of the centre of gravity, by 
which we understand that the condition of the centre of gravity of a body remains 
unaffected by the mutual action of those bodies; so that whether tliey act on each 
other by any material interconnection as a lever, or by the attraction of gravitation, 
the centre of gravity will always be at rest or nfove in a right line. In the same 
work are given investigations concerning the oscillation of pendulums, resistance 
* of fluids to solids moving in them, and the theory of projectiles. D*Alembert 
wrote, in 1 743, on mechanics, and gave the proposition called by his name, which 
is, that if a number of bodies tend to move with velocities and in directions which 
they are compelled to change through mutual action, the motions may be divided 
into two classes — one, which the bodies take, and the other such as would of them- 
selves have kept the bodies in equilibrium. About the beginning of the last cen- 
tury Liebnitz commenced a discussion which excited the combative tendency of 
the scientific world for many years ; the great subject of dispute was, whether the 
force of a moving body should be considered proportional to the simple velocity, or 
its square, the English philosophers maintaining against the Continentals that the 
simple velocity should be taken. Nobody gained the victory. Professor Segner, 
in 1755, discovered the beautiful principle that a rotating body possessed three 
axes which are the principal axes of rotation ; and Coulomb commenced his in- 
quiries on the subject of torsion, a principle which he elegantly employed in seve* 
ral of his scientific investigations. Lagrange, in 1 788, published his ** Mtcanique 
Analytique," in which he used the important principle of virtual velocities, but, as it 
requires considerable explanation to make it intelligible, we cannot introduce it here. 
Since the time of Lagrange little has been done for theoretical mechanics ; M. Foinsot, 
in 1834, communicated to the Academic Royale des Sciences the results of his in- 
vestigations for simplif^/ing the explanation of the phenomena of rotation, and other 
branches of mechanical science. In conclusion, we must advise our readers, if 
tbf.hey desire to become acquainted with the great principles of this science, to make 
the^emselves somewhat familiar with the nature of mathematical reasoning, and 
direc ticularly with the principles of algebra, without which little progress, com- 
whicr^tively speaking, can be made in our knowledge of the physical sciences. 
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Cbapteb I. — Elements of Machines.-^ 
Wheelwork, — Pitch Circle and Pitch, 
— Forms for Teeth — their strength, 
— Friction Wheels, — Shafts and Spin' 
die* — their strength, — Simple and 
Differential Movements, — Gearing 
Apparatus, 

Machines, generally, may be separated 
into a number of working ^piHl, or ele- 
ments, which are common to tdl ; and, 
in constructing any machine, it is ob- 
▼iously of consequence that the ele- 
mentary parts of which it is composed 
should be formed and arranged in a 
manner calculated to make the whole 
work together without unnecessary loss 
of power or wear of the material. In 
this chapter it is intended to give a con- 
cise view of the contrivances adopted, 
from calculation and experience, for the 
purpose of transmitting forces in a re- 
gular and effective manner. 

(1.) Wheelwork forms a most im- 
portant class of mechanical elements, 
from its universal utility as a means of 
conve3ring forces continuously. Wheels 
are adapted in different ways ; the prin- 
cipal being those which act by means of 
ieeth and simple friction. 

The term gearing is generally applied 
to toothed wheelwork ; and, according to 
the direction in which the teeth are ar- 
ranged, they are called spur or bevel 
gear. 

In the common form of spur wheels 
the teeth are placed radially on the cir- 
cumference, the rim being attached to 
the central part, or boss, by arms, which, 
in large cast-iron wheels, are strength- 
ened by a thin web, as a5c (Jig, 1), 
passing along the sides of the arms and 
the inner surface of the rim. When the 
wheels are small (as pulleys), the boss 
and rim are sometimes conjoined by a 
membrane or plate of metd, as in the 
figure B, and thence called plate wheels. 




When one wheel of a pair is much 
smaller than the other, it is called a 
pinion, and its teeth are called leaves. 
In coarse mill-work a trundle is used in 
place of a pinion. The teeth, called 
staves, are cylindrical {fig, 2), and fixed 




in two discs, between which the teeth 
of the wheel act upon the staves. The 
form of teeth in this kind of wheel has 
been preferred on account of the smooth- 
ness of their action, as well as their 
strength and the small amount of friction 
incurred; the trundle has been called 
also lantern, and ^aVVo^ei. Yva-^\v^^^ 



46 



MECHANICS. 



A (Jig 3), are of a similar character 
to the trundle, but not possessing its 

Fig.Z. 



Fig. A. 






strength ; in small work, or on particular 
occasions, they are frequently found a 
convenient form of wheel. 

The teeth are sometimes cut out of 
the rim of the wheel, as at C, which is 
then called a croum, or contrate wheel. 
Wheels where the teeth are cut on the 
inner surface of the rim are called annular 
wheels (Jig, 4), the radial arms, c c, being 



fixed behind the annulus, so as to allow 
the pinion to work. In this form of 
wheel there is less friction than in the 
ordinary spur wheel. 

In the preceding cases the axes of the 
wheel have been considered parallel ; it, 
however/* inquently happens that the 
axes are inclined to each other. In 
ancient machinery the teeth of wheels, 
whose axes were not parallel, were dis- 
posed as in the following collectiye illas. 
tration (Jig, 5), The crown wheel and 
pinion (Jig, 3), which may be considered 
as a face- wheel and trundle, is used in 
clock and small work to enaJi)le an axis 
to give motion to another at .right angles 
to it. The general practice, however, 
is to form the teeth of both wheels upon 
conical surfaces, which is termed bevel 



Fig. 5. 
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gear, A part or frustum only of the 
cone is required ; and it may be shown 
that two cones, whose apices meet, wiU 
work together evenly*. The inclination 
of the conic surfaces varies according to 
the direction of the given axes, as in 
fig. 6. In all cases of a pair of common 

Fig. 6. 




bevel wheels, the axes cannot be carried 
past each other ; if this be required, it 
is simply obviated by the use of an in- 
termediate double bevel, by which the 
relative position of the two principal 
axes may be varied to a considerable 
extent. 

The teeth of wheels communicate 
motion with a sliding or rubbing of their 
surfaces, and consequently create fric- 
tion. This is not the case with wheels 
which work by the mere unevenness of 

Fig.1. 



their surfaces in contact. The latter 
touch, practically speaking, in one point 
only, which is in the line joining their 
centres, as in^. 7; and, unless their 
surfaces slip, there is no remarkable 
rubbing of their surfaces ; therefore we 
may infer, that in all cases where the 
points of contact of two wheels is in this 
line there will be no sliding nor friction. 
Wheels of this kind, when covered with 
roi^h leather, or roughened on their 
surfaces of contact, are very useful in 
small machinery, or where no great 
amount of force is to be transmitted; 
otherwise the constancy of their action 
cannot be depended on. Dr. Hooke 
contrived a form of toothed wheel in 
which the contact is constantly in the 
line of centres, and, consequently, work 
without sliding. This wheel is com- 
posed of a number of concentric wheels, 
with teeth formed in the ordinary man- 
ner ; they are placed together upon the 
same axis, and arranged so that the 
teeth succeed each other by steps, the 
last tooth of one row being made to 
answer to the first tooth of the next 
row, as may be seen in fig, 8, where six 

Fig. 8. 





"^ See Tieatife IL chaiN 7. 



wheels are represented as combined. If 
another compound toothed wheel, ana- 
logously arranged, be made to work with 
such a wheel, the contact of any pair of 
teeth will be momentally, and therefore 
almost only in the line of centres. If, 
instead of a number of steps, there be 
inclined planes, the wheel may be con- 
sidered to have an infinite number of 
teeth, and the contact wiH be strictly in 
the line of centres only. Such a form 
is occasionally used; though an objection 
arises from the lateral pressure resulting, 
which increases as the inclination of the 
planes to the axis of motion. 

In forming a wheel, a line is first 
drawn, called the pitch circle^ as A B, 
aby (fig, 9,) of the working diameter 
Inquired for the wheel, which is the 
basis of »iicc«edi~» *-*— ««*^-« Thia 
circle is the iroi *=»^ 
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scription being 1, 1^, 1^, 2, 2^, 3, 
inches ; and for the small wheels, }, f , 
if i* i* of an inch. A pitch smaller 
than ^ of an inch .is seldom required for 
cast-iron wheels. 

The number of teeth in any wheel of 
given diameter and pitch, or the* pitch* 
or diameter, when the number of teeth 
are stated, may be easily found; for as the 
circumference of a circle is equal to the 
diameter x 3.1416, and the pitch is 
equal to a tooth and a space, it is 
^diameter X 3. 1416 ^^^ ^^^ ^^ 

number of teeth 
may find the other quantities when re- 
quired; thus, 

diameter X 3.1416 



No. of teeth ^ 



pitch 



their circumferences equal to the pitch 
circles of any two wheels, were to act 
upon each other by rolling contact (or 
simple friction), their action would be 
equivalent to the action of the two 
wheels working by teeth. Indeed teeth 
may be considered as a development 
merely of the rough surface of the 
wheel acting by friction ; * for, in the 
latter case, the minute projecting parts 
upon the surface fall into the small 
spaces in the face of the wheel which it 
drives, and thus compel it to revolve. 
The pitch circles of two wheels which 
are intended to work together are thus 
drawn so as to touch. They are divided 
into as many parts as there are teeth 
required in the wheels, each of these 
parts being equal to a tooth and a space, 
or to the distance, PF, between the 
centres of two contiguous teeth. PF 
is called the pitch of the wheel. The 
line Cc is called the line of centres; 
R, r, the pitch radii ; and R', r, the real 
radii of the wheel. The wheel which 
moves another is called the driver, and 
the driven wheel the follower*. 

The pitch .of a wheel may be of any 
convenient value, provided it be not so 
small that the teeth become too weak 
to bear the forces they are destined to 
transmit. In practice, however, a series 
of pitches are generally used for cast- 
iron wheels; those for the larger de- 



* In the illustrations of mechanical more- 

ments, the driving part and its direction of 

ion will be indicated by an arrow, and the 

M parts by an arrow without a feather; 

tbe driver m^-^t and the follower 



Diam. of wheel = pitch X No. of teeth 

3.1416 

For example, if we intended to make 
a wheel two feet in diameter, and with 
100 teeth, the pitch would be 

24 X 3.1416 _y, 
100 

or I of an inch pitch very nearly. 

Also, if the pitch was required to be 
1 inch, using the same diameter, the 
number of teeth would be 

24 X 3.1416 _^^ 

If we required teeth of such a size 
that the pitch would be ^ an inch, and 
the number of teeth 120, the diameter 
of the wheel must be 

.5x ^^:= 19 inches. 
3.1416 

A more ready method is adopted for 
finding the pitcn where it is continually 
required, by dividing the diameter of the 
pitch circle of the wheel into as many 
parts as there are teeth required. This 
diametral pitch is some fraction of an 
inch, and the denominator of this frac- 
tion will thus be an integral number. 
A wheel, for instance, whose diameter 
is 10 inches, and number of teeth 60, 
will have a diametral pith of ig or |. 
The most useful values of this deno- 
minator; which we may call P, are 3, 4, 
5, 6, 7, 8, 9, 10, 12, 14, 16, 20; and a 
wheel in which the denominator of the 
diametral pitch is 6, is said to be a six- 
pitch wheel. The following table shows 
the circular pitch corresponding to the 
above measures of the diametral pitchy— 
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Value of F. 


Circular pitch. 


3 


1 inch. 


4 


i „ 


5 


i » 


6 

7 


i;; 


8 


i » 


9 




10 




12 


1 « 


14 




16 


A » 


20 


1 » 



The circular pitch is obtained by mul- 
tiplying the diametral pitch by 3.1416. 
Tims a wheel of 20 inches diameter, 
with 80 teeth, would have a diametral 
pitch of 2S or ^ ; or it would be a four- 
pitch wheel, and the circular pitch 
\ X 3.1416 = j very nearly, as in the 
table, in which the values are given to 
the nearest sixteenth of an inch. 

The most simple idea of a toothed 
wheel is that of a wheel having a num- 
ber of straight pieces or spokes projecting 
from its circumference or rim, in order 
to catch similar projections upon the 
circumference of another wheel ; but a 
little thought and acquaintance with 
mechanical science will show that this 
ought to be a subject for consideration. 
As the value of the toothed wheel de- 
pends upon the shape of the teeth, many 
eminent mathematicians have been led 
to investigate the motion of two wheels 
revolving in contact, in order to deter- 
mine the curve which should be given 
to the face of the teeth, so that they 
may convey the forces most effectually, 
and produce a constant velocity in the 
driven parts. The most simple curves 
which have been found to answer the 

Fig. 10. 



conditions of the problem are the epictf" 
cloid and involute. 

The epicycloid is a curve traced by a 
point on the circumference of a circle, 
rolling over the circumference of another 
circle. The curve apbc (Jig. 10) is an 
epicycloid, drawn by the pencil j9 on the 
circumference of the circle B (called the 
generating circle), as it rolls upon the 
circumference of the circle A. From 
the 'nature of this operation, it follows 
that the arcs a d, dp, are equal *. 

Again, suppose the circles A and B 
(Jig, 11) to be capable of moving freely 

Fig. U. 





on their centres A and B, their circum- 
ferences touching at D, and a cp, a small 
epicycloid arc described by the small 
circle C ; a radius Bed drawn from the 
centre of the circle B, through the de- 
scribing point c of the small circle, will 
touch or be a tangent to the curve a b 
at f ; and if we suppose the point d to 
have been at D, when d and a would 
coincide, and, by the revolution of the 
circles, A and B to have moved into the 
present position, the circles will have 
described the arcs D a, Idd, in the same 
time. The angle D B c, or D B </, thus 
described, is at the circumference of the 
circle C, but at the centre of the circle B, 



* The epicycloid may be described by the 
following method : — Draw several circles, as 
B, E, F, of equal radius, touching the circum- 
ference of the circle D C, and take the arcs 
dp, eg,fh, upon the generating circle, equal 
in length to the arcs da, ea,fa, respectively ; 
then through the points p, g, h, thus obtained, 
draw a curve apgh. This curve will be part 
of an epicycloid. If an arc af be taken, equal 
in length to one-half the circumfi^ 
generating circle, one-half of the e 
be determined, and thfi v«c 
drawn svmWsoe \o \t. 
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which is double the diameter of the Arevolved, push a very small pin /i, fixed 
circle C ; therefore the arc D c is the on the circle B, from the line of centres 
measure of an angle double that mea- A B» to the point p, the small pin, from 
sured bv the arc Dd*, Agaiu» the radius the principle of the curve, sliding evenly 
D C is half the length of the radius D B ; upon the side of the tooth, and the rota- 
therefore the arcs D e and D d are ecjual. toir velocity of the circle B constant f. 
As the circle C is the generating circle This construction applies to wheels 
of the epicydoidal arc mdp, the arcs or racks working with trundles or pin 
D a and I) c are equal, and the arc D a wheels. In practice, the staves or pins 
equal to the arc Dd; or the ratio of the^ must of course be of some considerable 
angular velocity of the circles A, B, diameter to give them sufficient strength, 
remains constant. and a slight modification of the teeth 
We may now apply these forms to formed on the above principle is requi- 
the shaping of teetn of wheels. In the site ; also, as the wneel may be re- 
construction of the epicycloid given in quired to move the follower in a direc- 
Jig, 10, we may observe that the circle tion opposite to that already supposed, 
B describes the curve ap with a pin p, the teeth must be curved on botn sides, 
by rolling on the circumference of the A wheel, with teeth thus fitted for prac- 
circle A. If both circles be supposed tice, is shown in Jig, 18, where the 
to be fixed, and capable of revolving dotted lines show the teeth, supposing 
upon their axes, a tooth or projection the pins in the follower to be or insen- 
from the circumference of the circle A, sible diameter ; by the reduced teeth it 
and of the length ap, would, if the wheel may be seen that it is necessary merely 

Fig. 13. 




to cut away a portion of the teeth, suffi- 
cient to allow of the pin working, taking 
vare to preserve the epicydoidal form. 

The teeth of the wheel are described 
upon the pitch circle of the wheel, and 
the centre of the staves arc placed upon 
the pitch circle of the follower, so that 
u space below the pitch circle of the 
wheel must be cut out to admit the pins 
between the teeth at the line of centres. 



As the epicycloid is a curve much 
more troublesome to draw than a circle, 
arcs of circles are used, which do not 
materially differ from it. Teeth are 
simply described by this method as fol- 
lows : — From the centre of the pin, 
which is supposed to be on the line of 
centres and consequently at the point 
where both pitch circles meet, describe 
an arc ab, which will be the working 

* From Euc. 20, 8 ; or Geom. prop. 14, scribing equal arcs in equal times, proves that 

I 2, iii. the required conditions are fiilfilled ; but equal 

f Some writers on this subject have impro- arcs may be described in equal times, and yet 

perly remarked that the &ct of two wheels, de- the relative velocity dnr&g those times may 
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part of the tooth, and sufficiently proxi- 
mate to the required form. The part 
below the pitch line, being unimportant, 
may be figured as an arc of a circle. 

If this curve be applied to the rack 
and pinion, when the former drives, the 
pinion will have pins or staves, and the 
rack cycloidal teeth, for the surface upon 
which the curve is described is no longer 
a circular but a straight line ; and a circle 
rolling upon a level line or base will 



trace, with a point in its circumference, 
a cycloid. When the pinion drives, the 
rack must have pins, but the pinion will 
not here have epicyclpidal teeth ; for, as 
the teeth must be described by a point 
in the pitch line of the rack rolling upon 
the pitch circle of the pinion, the curve 
thus drawn will be an involute of the 
pitch circle. (See p. 55.) These forms 
are shown in^g. 14. 



Fig. 14. 




In an annular wheel and pinion, the 
pinion, if it be the follower, will have 
pins, and the teeth of the annulus will 
of course be shaped according to the 
curve described by the pitch circle of 
the pinion when rolling within the pitch 
circle of the wheel. This curve will be 
a hypocycloid. When the pinion drives, 
the pins on the annular wheel must be 




1::^=) 



be changeable. This may be simply illus- 
trated by fixing on the circumference of a 
wheel a tooth T (Jig. 12), the face ap being 

Fiff. 12. 



fixed on its face, and the teeth of the 
pinion formed by the rolling of the 
wheel's pitch circle upon the pitch 
circle of the pinion. 

When both driver and follower are of 
the same diameter, the smallest numbers 
of teeth and pins which can be employed 
are eight in each wheel, the pins or staves 
being not less than half the pitch. Under 
the condition last mentioned, the follow- 
ing table shows the least numbers of pins 
in a wheel driven by a pinion, and a 
pinion driven by a wheel, with the cor- 
responding number of teeth : — 




Teeth 


Pins in 


Teeth 


Pins in 


in pinion. 


wheel. 


in wheel. 


pinion. 


7 


14 


14 


7 


6 


12 


12 


6 


5 


15 


25 


5 


4 


24 







cut of an epicycloidal form, according to the 
principles given above ; and arranging another 
wheel with a projecting pin p. If the wheel 
A revolve, the tooth T will push against the 
pin p, and turn the wheel B with a constant 
velocity, as may be practically demonstrated 
by drawing a number of radii on each wheel, 
as A a, Kb, Ac; and each successive pair 
will coincide with the line of centres B A at 
the same time, in the coune of revolution. 



A rack may be driven by a pinion of 
four teeth ; if the rack drives, the pinion 
must have at least five pins. 

The epicycloid generated in the man- 
ner shown in Jig. 1 1 , is very generally 
applied to the formation of the teeth of 
wheels. A pair of wheels, with teeth 
drawn afler this manner, is shown in^. 
15, the pitch circles of the wheels being 
supposed to touch at D in the line of 
centres ; that part of the tooth outside 
the pitch circle, as Da, is called the 
face, and that within, as De, the Jhnk; 
the flank of a tooth is a radial line, and 
the face Da an arc of an epicycloid 
formed by the ^exvet«i>2«\% <£vt^^ \i>i^* 
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Iiair tlic diumctcr of the wheel B; the 
teeth of the wheel B are similnrly 
formed, their generating circle being 
T}g A, equal in diameter to half the 
diunieter of the wheel A, In tlie mo- 
tion of such a pair of wheels the con- 
tact commences between the flank of 
the tooth at c of the lower wheel, and 



at the pOEitloii a, d, when the end of 
the tooth a preESCs egainet the Hank of 
the tooth d. It may be seen that the 
line of contact from e to D is the gene- 
rating circle Dj^ A, nnd frotu D to d the 
generating circle DAB. 

This method of describing epicycloi<lal 
teeth has one disadvantage, that a wheel 
will not work fnirly with another of 
lesser or ^caterdiameter than the wheel 
with which it was made to work; this 
plainly appears from the construction, 
iliit it frequently occurs that a wheel is 
intended to drive several wheels ofvari. 
ous diameters, and an inequality of mo- 
tion must arise from sucti a combination. 
To obviate this inconvenience it has 
been proposed to employ a contloiil 
generating circle, so that wheels of dif- 
ferent diameters, but whose teeth are 
traced by a constant describing circle, 
will correctly work together. 

When toothed wheels drive, or are 
driven by, pinions witi) tceib, there is a 
limit lo the ri^lative number of teeth 
which can be employed, varying accord- 
ing to the length of the arc of action i 



arc of action is equal to the pilch ; If it 
be i or ! of the pitch, there is an arc of 
action equal to 1 or j of the pitch before 
the line of centres. Thus we have the 
following table * : — 



I the hne of i 
When the action of the teeth com- 
mences at the line of centres, and the 
ing tooth is breakii^ contact, the 







L«..tHo. 


of teeth in 




No. of 

IMthin 

pimon. 


wheel 




driTira. 


Pinion 

driv.-B. 
















176 








62 








35 


Arc 






27 




a rack 


23 


='^hch. 




64 


21 
19 






24 


18 






20 


17 






17 


16 






16 










19 
U 


Arc of 






action 

= ; pitch 




81 
16 


12 

10 






12 


10 






10 








InipouiblG 


Impossible 








36 


Arcaf 






IS 


action 






13 


= lptch 


B 


20 

n 
s 


10 
9 



• Willii'i Principles of Mcctuuiitni. 
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When a wheel drives a pinEon, the 
lattei should have at least eight teeth or 
ieaves, and when a pEnion drives a wheel 
the former should have not less than six 
teeth, eight or nine working better. The 
ratio of the number of teeth on a wheel 
and pinion should never exceed the ratio 
of one to six; if a wheel makes any nuni' 
her n of revolutions per minute, and the 
pinion be required to make a certain 
Dumber of revolutions N per minute. 



:N :: I 



N . 



the 



the proportii 

ratio of their velocities, which is 1 



if this be not ateatet than I :? or 1 to 6, 
a single wheel and pinion will be suffi- 



In practice, teeth are not so long as in 
our figures ; but the length of the tooth 
is an important circumstance. The part 
of the tooth which eitends beyond the 
pitch circle is sometimes called the 
addendum, and is that to wiiich the 
peculiar curve is given ; in general, an 
addendum oS^ of the pitch is employed. 
The following figure exhibits part ol the 
form of a pairof wheels of common con- 
struction, a c is the pitch, or a tooth and 
a space, de the addendum; the usual 
proportions of the different parts of the 
arrangement are as follows : — - 

d e, or the depth to the pitch line = -^ pitch. 

df, or working depth . . . • — -jH „ 

dg, whole depth = li .. 

oj, thickDBMotfttoolh . . . = -ft „ 
b c, breadth of apace " fi u 




By this it appears that the breadth of 
the tooth is IT of the pitch less than the 
space, to allow the teeth to move freely 
in the space; also, j, of the pitch is 
allowed, to prevent collision between 
the tops of the teeth and the bottoms 
of the spaces. For wheels having less 
than fiileen teeth, an addendum of j^ 
of the pitch is not sufficient. In some 
of the timiting cases given in the table 
(p. 52), the addendum required would 
be from about i, to A of the pitch. In 
clock and watch machinery, the adden- 
dum allowed to the driver is .36 or g of 
the pitch, and to the follower .24 or 
nearly | of the pitch. 

We shall now notice the application 
of the cnrve to the formation of the 
teeth of bevel wheels, which, as we see 



from p. 41, are frusta of cones which 
are supposed to roll upon one another, 
their apices meeting in one point. 

It appears, iajig. 17, that if the cone 
B roll upon the cone A C D, the apices 
of both meeting at C, the curve cpb 
will be traced by a point p in the cir- 
cumference of the cone B, coinciding 
with the surface of the sphere A S E ; 
this curve is called a tpherical epieycloid, 
and is the form required for the teeth. 
The problem is, however, much simpli- 
fied by considering that the porticm of 

a tooth being'very ii"' 
A F to the sphere aw 
curved surlace of tb> 
biy differing ; and I 
scribed upon the it 
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oaae A F D inrtcad of the luHaee of with tetpect to ttw other com A ^ 
Ibe f phere. The tajn* maj be iottt Acj^ofiog ibe lui&cci ot these tai^eiu 
jf. . - cones, tlut U, dnving cirdci eqiuri in 

^B' '' ndiiu to the lidet of the coaee, teeth 

may be diavii apoo the gitcIm at for 
•pur wheel*. Tlui (imple method wh 
uplied by Tredadd*, uid w ■bown in 
tbe foUowii^ ^ore. B C; CD are 
Ihuta of the cone* B A G, C A D, upon 
vbicb the teeth are purpoied to be 
Diade; perpendicular to AC. the Une of 
contact, draw the line E F, meeting the 
axe* of the coon at E and F| BBC 
and CFD vill be the tangent cones; 
then with the radii E C and F C detcribe 
the circular area C R and C G ; these 
arc* will be the deTelopment of the lur- 
facei of the two tangent conea, upon 
which the teeth may be figured, at 
though intended for a spur wheel i 
the arcs C R, CGuf course rcpreseat- 
ing parts of the pitch circles. Fattemi 
may be cut oul of thin copper or other 
pliable substances, agreeably to the forms 
determined for spur wheels, and attached 
to the conical surfiices 8 p. T)d, for a 
guide in cutting the teeth. The form of 
tbe interior extremity of the teeth may 
be found by a procedure analogous to 
thai already shown. From e draw ec 
parallel lo A E, and with the radius E e 
l!ie pilch circle cr may be described. 

The application of the involute of a 
circle to the formation of leeih has been 
mentioned in a preceding treatise f' 
The involute of a circle is a curve de- 
scribed by the end of a string unwinding 
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from the circumference of a circle. By 
this construction the whole tooth is 
formed of one curve, as in^. 19. Dr. 
Young appears to prefer this form to the 




epicycloid*. A pinion with involute 
teeth will work with a rack iiaving teeth 
straight-sided and inclined to their pilch 
line. Dr. Young sa^s that the proper 
form for tile teeth of a pinion driving a 
rock is the involute ; they work steadily, 
ns the leaves so curved exert n small 
downward pressure upon the rack. To 
the use of teeth formed upon this prin- 
ciple there is, however, an important 
ohjection, which "is founded upon the 
oblitiuity of their action, by which a 
much more considerable divergent pret- 
sure is thrown upon the axes than in 
the other forms of leetb. The action of 
epicycloidal teeth is, in fact, perpendi- 
cular to the line of centres at tlie instant 
of crossing it, but that of involute teeth 
is constantly in the direction of tlie com- 
mon tangent of llieir bases (as Tl,Sg. 
19), und is therefore oblique to the line 
of centres. This injurious property is 
balanced by the advantages that a varia- 
tion of the distances of their centres 



does not destroy the action of the teeth, 
and that any two wheels of the pitch 
vill work together; but this lost pro. 
perty .... is possessed by some ar- 
rangement of the epicycloidal teeth (p, 
52]. In smaller machinery, constructed 
rather for the modification of motion 
than for the transmission of force, this 
obhque action ceases to be objeclioa. 
able, and the other advantages of invo- 
lute teeth will recommend them in pre- 
ference to all others." f 

The curves which have been desciibed 
in the preceding pages, as most proper 
to he given to the teeth of wheels, ai« 
only approximated in practice. The 
comparative facility with which an arc 
of a circle may be drawn is so great, and 
the difference between Buch an arc and 
the true curve in the length of a tooth 
so practically imperceptible, that circular 
arcs are used for the purpose. In doing 
so, however, it is of great importance to 
determine correctly the radius of curva- 
ture and tlie position of the centre for 
the circular arc. Euler, who wrote an 
intricate investigation of the subject, was 
the first who proposed arcs of circles as 
sufficiently accurate for the forms of 
teeth. By following these suggestions 
Mr. Willis has succeeded in construct- 
ing an instrument for drawing the teeth 
of wheels by arcs of circles, which he 
hat improperly the odonto- 



iollowing diagram represents the prin- 
cipal part ; it is hdf the size of the 
original, and may be made of card or 
thin metal. The side CT makes an 
angle with A B, so tiiat B T C = 75% 
which was found from calculation to be 
the best adapted to give a proper posi- 
tion to the centres for tlie arcs, and each 
of the divisions on the edge of the io- 
Eirument is ^th of an inch. 

Tlie use of the odontograpli may he 
seen from the following example ; — 



n Nat. Fhil., paga 185 (ie4S). f Willia'a Priticiplei of Uechsnitm, p. IIS. 
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Suppose it were desired to draw the of the particles ; and, by the principle 
teeth for a wheel of 40 teeth and 1 inch of the lever, the power P produces a 
pitch. Describe an arc of the pitch greater effect in overcoming the cohe- 
circle A B {fig, 21), and take B D equal sion the greater the length of the arm 

F B, the point F being the fulcrum. 
^^S'^^* The greatest strain will be along the 

Fig. 22. 





z 



r 



to the pitch, bisecting it at b ; then to 
draw the flank 5 c, apply the edge CT 
of the instrument to the radius C B, the 
point T being on the pitch circle at B ; 
and by the table giving the centres for 
the flanks opposite 40, and under the 
column for 1 inch pitch, we find 15; 
therefore the point a, wliich is at 15 on 
the scale for the flanks, will be the 
centre from which the arc be must be 
described with the radius db. For the 
face a 6 we find in the table of centres 
for the faces against 40, and in the 
column for I inch pitch, the figure 8; 
then applying the edge T C of the in- 
strument to the radius C D, take the 
point e, upon the scale for the faces, at 
the eighth division, and with the radius 
e b describe a b. The other side of the 
tooth may be similarly drawn by re- 
versing the instrument. 

In setting out the teeth of wheels, 
attention must be paid to the work for 
which the wheel is intended. It is 
generally a point to have the pitch as 
fine as possible ; but as the thickness of 
the teeth is determined by the pitch, it 
is evident there will be a limit to its 
fineness. This thickness must be such 
as to prevent the possibility of any tooth 
breaking in the performance of its work. 
A tooth may be considered as a beam 
fixed at one end, and its strength calcu- 
lated accordingly. Thus let A B ( fig, 22) 
represent a tooth which is strained by the 
weight attached at the end B; this 
weight will have a tendency to break 
the tooth at some part, suppose £ F ; 
the resisting force will be the cohesion 



upper part ED. By the principles of 
the strength of materials* the strength 
of the tooth is as the square of 
its depth, or as E F^ and from what 
we have said, inversely as its length. It 
is also as the breadth E D, which some 
consider should be to the length as 

2 to 1. When in motion, the stress 
upon the teeth is inversely as the ve- 
locity; so that a tooth moving at the 
rate of 6 feet per second has a stress 
one-half as great as though it moved 

3 feet in the same time. It is advisable, 
however, not to exert upon a tooth much 
more than one-tenth of the force which 
it is able to sustain. 

(2.) Shafts and spindles, the technical 
names for the axes or axles of wheel- 
work, are made generally of iron. Where 
wooden shafts are used, a gudgeon, or 
arbor, or spindle, has to be attached to 
the ends, upon which the shaft turns. 
There are two methods of fixing these 
gudgeons to the end of a shafl. One is 
called the cross-tailed (fig, 23) gudgeon. 

Fig, 23. 





made of cast-iron, and let into the end ; 
a hoop is then driven on the end of the 
shafl to make the whole firm. Some- 
times the hoop is cast along with the 
gudgeon, which is a preferable arrange- 
ment. Another plan of fixing the 

* See 0\e ^)Q%e«^«iv\. Otoc^Vet ^jitL^\^ v&svjesJu 
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arms of the gudgeon wh^n placed in their 
proper position. These arms are fixed 
by four bolt screws D. D, D, D, to 
Itrcnglhen tile hold of the crosi-srnu. 
ThcM are four projections, two of whicli 
Hreihown nt m,™, fitting Into the epacei 
n. n, and which, with the screws, hold 
the gudgeon firmly to the shafi. 

CoRt-iron shads are either hollow or 
solid cylinders. The former are lighter 
than soliil cylinders, and Btronger than a 
solid cylinder of the same weigiit and 
length; but the trouble nnd expense of 
making them is so great that, unless of 
very large diameter, the shafts are cast 
solid. Solid shafts are made of a fea- 
thered or a square form, the latter being 
universally used on account of its 
almplkity, and is found as useful as 
any other description of solid shaft. 
Gudgeons and slinfls are made as small 
as is consistent with the strength required 
to avoid unnecessary weight of material, 
and consequent strain and fticlion. 
Wrought iron possesses much more co- 
hesive power, and is consequently more 
Bcrviccflble for gudgeons or axles than 
cast iron ; but the facility with whicli 
the latter kind can be moulded into the 
required form, and its cheapness, recom- 
mend it eenerally in practice. The 
strength of a aolid cylinder to support 
a weight (as a wheel) being as the cube 
of its diameter, and a cylinder of 1 inch 
in diameter is considered capable of sus- 
taining a hundredweight, we have the 
following table Caccording to Buciianan) 
of the weights sustained by solid cylin- 
ders of cast iron, of dilTerent diameters, 
used as shafts or spindles; in the third 
column are given the requisite diameters 
of gudgeons of wrouglii-iron, corre- 
sponding to the same weights. 



TaBLI or OtTDOIOllS, 



Diameter 


Weight 


Diam. of wTonght- 
iron gudgeon of 










lb*. 




1 


U 




i 


4r 




1 


112 


.61 


u 


818i 


1.06 


M 


3771 


1.36 


U 


mi 


1.61 


2 


m 
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23291 


2.86 
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302* 


2.87 



(3.) Simple and Diffirenlial Mbve- 
taenU. — In combining the elementary 
parts of machines, it is freqtienlly re- 
quired to effect an alteration fn the di- 
rection or velocity of motion, as from a 
circular to a rectilinear motion, and from 
a uniform to a variable velocity. This 
is effected in v.irtous ways by simple 
combinations, which ore highly inter- 
eating features in modern machinery. 
Few were known and required in the 
earlier times of mechanical invcnliou ; 
but the variety of machines constructed 
of late years caused a great number of 
these elementary combinations to be 
devised. 

In a former treatise several methods 
e direction of motion were 
shall here describe Fome 
of the later and most useful contrivances 
for this purpose. Those combinations 
which are intended to communicate 
motion simply, or to produce a change, 
constant or variable, in the direction of 
movement, may he classed as follow ; — 

• MB<:Wl«w,1t.\\.,sV«s.l3. 
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1. Rectilinear movement producing 
rectilinear or curvilinear mojrement. 

3. Curvilinear movement producing 
rectilinear or curvilinear movement. 

1. Rectilinear producing rectilinear or 
curvHinear movement, — Amongst this 
class of movements the lever and its 
combinations are simple and universal 
means of changing the direction of mo- 
tion. Its action is, however, not con- 
tinuous, as in the case of a wheel. The 
bell-crank lever (Jig. 25) is a very useful 

Fig. 25. 




contrivance, by which an alternate rec- 
tilinear motion is produced at right 
angles to another rectilinear movement. 
This was used by Watt in his earlier 
steam-engines, to regulate the supply of 
steam to the cylinder of the steam- 
engine. 

A rectilinear may be converted into a 
circular movement by means of the 
crank and connecting rod (Jig. 26), 

Fig. 26. 
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which is a very useful, and generally 
adopted. Invention. The upward mo- 
tion of the rod A causes the end D of 
the crank-rod R to describe a semi- 
circle from a to b, and- the subse* 
quent downward motion makes the same 
end D complete a revolution. It may 
be deduced, from the nature of this 
action, that there are times when the 
crank-rod R is exerting no available 
power upon the crank, which occurs 
when the crank is in the positions Ca 
and C 6, or in a line with the crank-rod; 
and that there is most circumvolving 
power exerted, as regards the crank, 
when the crank is in a line with Dd. 
Any effort made by the crank-rod in the 
direction bA will therefore injuriously 
affect the stability of the axis C, and 
tend to tear it from its bearing or pillow. 
Again, the crank-rod R is incapable of 
conveying all the force which is applied 
to it when in any other position than 
the line 6 A; and its worst position in 
this respect is that shown in the dia- 
gram, or. its opposite point d\ Much 
discussion has arisen on this subject 
from the universal use of the crank and 
rod in the steam-engine as a means of 
converting the reciprocal movement of 
the piston-rod into a circular motion. 
Many contrivances have been made 
with a view to reduce or to annihilate 
this irregularity of action ; but few have 
been adopted, in consequence of either 
possessing no capabilities superior to th^ 
crank and rod, or on account of their 
complexity. This latter is a most 
powerful objection in practical me- 
chanics, though on many occasions too 
much disregarded by inventors ; the 
crank and rod have therefore continued 
to hold their place as a most useful con- 
verser of motion. 

A rack and pinion will produce a cir- 
cular from a rectilinear movement, and 
vice versa. A common bow drill affords 
an example of the same description of 
conversion. It is a very simple and 
serviceable instrument in small manu- 
factures. A cord, stretched tightly by a 
steel bow, is wound once round the 

Fig. 27. 
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drill stock (Jig. 27), and nheit motion ia nibent place, u being at once ahnple, 

given bj the nand to the bow, the drill elegant, and capable i^ much variaUon, 

revolres ver; rapidly. so ai to produce the effect required. 

2. Canitinear producing rcelilinear or The common eccentric, used in tba 

curvilinear novcmcnti. stealD-engiDe for relating the aupplj 

Tliere ore a great number of con- of •team to tbe cylinder, ii composedof 

trivanccs for these purposes, amongst a wheel {fig. SB) turning upon a shaft 

which the eccentric wheel holds a pro- or axis A, which doea nol pass throt^h 

Fig. 28. 




its centre ; a strap S S fitted to WOTk 
easily on the circumference of the wheel ; 
and the arm, M, fixed to the strap, 
which works with an alternate recti- 

Anotherformofthe eccentric is shown 
itifg. 29, where it is 

Fig. 29. 



stationary. Where a unifonn velodty 
is required, the form of eccentric shown 
in fig. 30 may be used. For its con- 
struction see velocity movements (page 
65). Tills description of conversion 
may be readily obtained by the use of 
pins working in slots. Figt. 31, 32, re- 
jig. 31. 




Ji 


'^ 


.1 


i 



rectilinear motion to the frame AB, 
while revolving about the centre C. In 
these cases the motion of the rod on the 
frame is not uniform. It commences 
with a smnll velocity, which rapidly 

then similarly decreases iinttl the re- 
mainder of the semi-revohition is com- 
pleted, when the rod is for a moment 
Fig. 30. 



Oh 




present two fotms : in the first tbe 
wheel W has a pin fixed in it, moving 
in the slot S S, cut in the vertical lever, 
which gives rectilinear motion to ttw 
nek beneath it by means of a toothed 
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arc of a cirele, or imperfect pinion. The 
second form is sometimes used in small 
steam machinery ; if R R be supposed 
to be the piston rod, by its alternate 
motion it will push the crank B C up and 
down ; and as the latter can move only 
in a circular path, which is allowed for 
by the slot, it will cause the fly-wheel A 
to revolve. Otherwise, if the wheel A 
be turned by handle, or otherwise, it 
will give an alternate rectilinear motion 
to the rod R R. 

In some machinery, as the tilt and 
forge hammer, and stampers, a weight is 
required to be successively raised and 
let fall upon the object to be hammered. 
For sucri purposes the cam is a very 
useful movement. The common forge 
hammer is worked by a cam C (Jig, 33) 

Fig. 33. 




composed of four teeth, or wipers, which 
in revolving push against the foot or 
helve B of the hammer, alternately 
lifting the ponderous mass and letting it 
fall suddenly on the substance placed 
upon the anvil A. 

Where a varying rectilinear motion is 




required, the principle of the cam ar- 
rangement, shown in Jig, 34, is very use- 
ful. The wheel W, turned by some 
motive power, carries on its face the 
system of cams C C, upon the edge of 
which rests the rod R, receiving a recti- 
linear motion. The up and down paths, 
described by the end of the rod during 
the revolution of a wheel with cams 
similar to those in the figure, is exhibited 
in the accompanying vertical lines. A 
velocity, either constant or variable, 
may be given to the rod by properly 
varying the radii of the different parts 
of the curve. (See p. 65.) 

A continued alternate motion is fre- 
quently required in machinery, and many 
ingenious contrivances have been applied 
to planing, printing, and other machines 
for this purpose. A very simple traverse 
is obtained by using a frame F F (fig, 
35), lined on two opposite inner sides 

Fig, 35. 




with teeth as far as is requisite, with 
which the leaves of a pinion P, whicli 
is toothed round nearly half of the cir- 
cumference, work alternately. If too 
much of the circumference of the wheel 
is toothed, the extreme teeth will push 
at the same time against the teeth of 
both racks, and would break some of 
them ; the extreme tooth on one side of 
the pinion should break contact with 
the working rack at the moment or a 
little before contact begins between the 
other extreme tooth on the other side 
and the opposite rack; that is, «'"" 
posing no cessation of motion 
quired, which viowXdk >o^ Kot «k.\ 
time, accotCiw^ Vo xXva wtt ^ew 
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the piaion between the 
breaking and making conlai 



A useful revenlng raotion ia rqtn 
tented in A. 36. The wheel A ia it 




driver, acting upon one end of the crank- in alternate directions by a simple n 
rod R, wliich can be adjusted by means versing motion, and, while so doing, i 
of a sliding bush in the groove a, at any i.. „- 

distance from the centre of the wheel i «' '' 

this rod works the crank C, on the axil A a 

X, of which the sector S is fixed. The 
wheel revolving with the end a of the 
craok-rod, will produce on upward and 
donnwnrd motion of tlie crank, varying 
in extent according to the distnnce from 
the centreof the wheel at which the end 
a of the rod is fixed. The sector S will 
thus describe the arc of a circle back- 
wards and forwards, and may move a 
horizontal table either hy teeth or chains. 
This arrangement is used in one of 
Messrs. Carmichaers planing machiney. 
The contrivance shown in the follow- 
ing fijiure is one patented by Mr. Wbit- 
wortli some time since, nnd used by that 
gentleman in some of his planing ma- 
chines. It consists of two discs, D D, 
capable of revolving round their axes 
a a, which rest in the bearings B B, 
firmly fixed to the under side of the 
work table A A. The circumference of 
each disc has a flange extending facially, thread pushes against the flanges of tl 
which works between the threads of a discs, wliicli revolve and carry the lab' 
icrew S. This screw is made to revolve along on its bearings ; all friction is hei 
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temoved to the uei of tha disc*, wid 
to aToid the friction arising from the *e- 
loci'.y of tha icraw-ttiraad being graater 

at diSerent distances from the centre of 
tlie icrew, tlm thread of the iatttr and 
tha flangei of the diica are bevelled. 

An defiant combination ira« propoied 
b; Mr. White, for producing a rectilinear 
from a circular motion, and since need 
by Prof. Wheatalone in hii photometsr. 
It consisti of apinion, P CAs.88), woA- 




iag with an annular wheel, W, which is 
twice the diameter of the pinion. The 
wheel beine fixed and the axis A turned, 
the pinion P will have a mntlon of trans- 
lation, and, as it works loosely on its axis, 
a, the contact of its teeth with those of 
the wheel will cause it to revolve on ita 
nsis, any point, asp on its circumference, 
describing the right tine 4 c The neces- 
sity of this result is demonstrated In the 
second Treatise on Mechanics, p. 58. 

The combination of rods called the 
parallel motion, used by Walt in his 
steam-engines, is shown in the two dia- 
P'ams (J^. 39), the arm A 6 represent- 
ing a part of the beam of a steam-engine, 
and R the piston-rod. In the horizon- 
tal position (1) the point B will be in 
the same straight line with the rod R; 
but, when the beam has been pushed 
upwards, it would dr.iw aside the upper 
end of the rod into the oblique position 
seen in the dotted lines (2), but for the 
arrangement B D, Ca,nD, ai, the three 
first rods nith part of the beam forming 
a parallelogram, and each rod freely 
rounding the joints at its extremities. 
The rod a (is attached to the comer a 
of the parallelogram and a fixed beam at 
A, so that, when the beam tends to pull 
tliepiston-rod inwards, the tod a( simul- 
taneously pulls the lower side of the 
parallelogram outvatds, and thui insure* 




a nearly rectilinear motion to the piston- 
rod; thereat path described by the point 
D being a eiirve somewhat similar to the 

The screw and lever is used with great 
etfect in machinery, such as coining, 
stamping, button-making machines, and 
printing presses, for converting a circular 
motion into a rectilinear ; by this method 
great power and r^ularity may be ob- 
tained. 

Fortheconversionofcircularintorecti- 
linear motion, the direc^on being simi- 
lar or different, toottied wheels and fric- 
tion-wheels are generally used. In the 
tatter case, when a pair Is some distance 
apart, the connection is effected by means 
of a band of leather or gutta percha. 
The band thus works by simple friction, 
and is a safer method of communicating 
motion than toothed wlieels, for, should 
any obstruction to the motion occur, the 
band slips and prevents a fracture; but 
with toothed wheels the motion must 
continue, if the motive power be suf. 
ficient, until the resistance be overcome. 
or the machine broken ; the band is also 
particularly serviceable where the power 
is required to be suddenly connected 
with and disconnected from the ma- 
chinery. When the motion communi- 
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catcd is to be in a direction parallel with 
that of the driver, the strap is simply 
laid over the friction-wheels or drums, 
as in^. 40 (1) ; when in the opposite 

Fig. 40. 






direction, the band is crossed (2) ; the 
latter method of disposing the band is 
the most economical, as may be demon- 
strated*, for the tension of the band is 
not required to be so great as in the first 
arrangement, there being much more 
surface exposed to the action of friction, 
and the power necessariUr expended in 
overcoming the friction of the axles will 
consequently be less. The band wheels 
should have their circumference slightly 
rounded, as in the figure, in order to re- 
tain the band on the wheel, as it is a 
property of bands running over wheels 
or pulleys to incline towards that part 
which is of the greatest diameter. An 
endless band can be made to transfer 
motion in every possible direction with 

Fig, 



respect to the drivins puUey or drum; 
but in practice yeiy Ions bands, when 
working a number of pulIeyB, are foiuid 
to be troublesome. In printing ma- 
chinery small endless bands or tapes 
are used to carry the sheets of paper to 
be printed over several drums or cylin- 
ders to receive impressions from the form 
of types prepared for that purpose. In 
some printing machines the number and 
arrangement of the tapes are surprising. 
(See next chapter.) 

In machinery where no great amount 
of power is transmitted the buff-wheel, 
or a wheel truly turned and covered on 
the circumference with buff leather, will 
drive another wheel similarly armed very 
smoothl}'. 

2. Velociti/ Combinations, — We shall 
here describe a few of the contrivances 
used for giving variable velocities and 
intermittent movements. 

Combinations of tootlied wheels are 
commonly used for producing different 
rotatory velocities ; thus, when a wheel 
of 72 teeth drives another of 36 teeth, 
the latter will move with double the ro- 
tatory velocity of the driver. The re- 
lative sizes of a pair of wheels of any 
description required to produce a given 
ratio of velocity, may be most readily 
determined ; as the circumferences of 
circles are as their diameters, the latter 
must be in the ratio of the velocities 
sought. If a wheel, for instance, of 3 
feet diameter, revolving once in two se- 
conds, be the communicator of any mo- 
tive force, and we desire to drive an axis 
at the rate of 3 revolutions in a second, 
the ratio of their velocities is 1 : 6, or J, 
which will be the ratio of their dia- 

41. 




* See Hoseley's Mech. FrincipleB of Enginoering, p. 245. 
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meters ; so that a pinion ol \ x 36 = G 
inches diameter must be used. The 
aame rule applies to wheels working by 
simple friction or bands. The velocities 
thus given by circular wheel-work is 
istaat during the whole time of ac- 
I, but if a varying velocity is wanted 
entries or cams are uaei, the prin- 
dples of which, being highly interesting, 
wit] be subsequently explained. 

A method of gradually varying Telo- 
city is tlie pair of friction cones used by 
rope-spinners (jig. 41). It consists of 
two cones connected by a crossed strap ; 
the lower cone, A B, being driven by 

lodty which varies with the position of 
the strap, if it be at the end A, or base 
of the lower cone, it will pass over that 
end b of the driven cone which is of the 
smallest diameter, consequently the ve- 
locity of the upper cone will be a maxi- 
mum ; if the strap be shiiled to the 
middle position, as in the figure, the ve- 
locity of both cones will be equal ; and 
if the ends A a be used tlie velocity of 
a b will be ft minimum. 

In the lathe and other machines these 
cones are reduced to a number of pul- 
leys, as in ^. 43, and are called tpeed 
Fig. 42. 



to= 



ping off when at work. The velocities 
obtained by these speed pulleys are rea- 
dily calculated. Suppose tne pulleys 
a, b, c. d, «i and A, B, C. D, E, to ba 
respectively 2, 3, 5, 7, 9 inches in dia- 
meter, and the axis F to revolve 80 times 
in a minute, then the ratio of the dia- 
meters of any pmr, multiplied by the re- 
volutions per minute of the driving pul- 
ley, will give the number of revolutions 
per minute made by the follower or 
upper pulley. Thus when A and e 
work together the former will revolve 
JX 30 = 6) times in a minute; & driven 
by D will revolve ^ X 30= 12; times j e 
by C, both being equal, | x SO = 30 
times ! fi by D, J X 30 = 70 times ; and 
a by E, ; X 30 = 135 times, per minute. 
The eccentric movements mentioned 
in tlie preceding pages, afford an ioGnite 
variety of variable velocity combina- 
tions. According to what has been 
already remarked, the velocity of the 
parts of a revolving wheel will be pro- 
portional to their radii or to their dia- 
meters, so that if we take the case of a 
common eccentric wheel, the relative 
rate of the rod's motion at any moment 
is according to the length of the radius 
ac^ng at that moment. Thus the com- 
mon eccentric wheel gives a variable ve- 
locity to the rod, because the radii drawn 
from the centre of motion to the circum- 
ference do not decrease or increase regu- 
larly. If a cam or eccentric be con- 
structed BO that the radii shall vary rcgu. 
larly, it will give a uniform velocity to 
the rod. This explains the formation 
of the eccentric shown in^.30. Draw 

Fig. 43. 




any circle, as A B, and divide it into a 
pulleys. The arrangement in the figure number of equal arcs ; and having de- 
would be said to have five " speeds," termined on the eccentricity of the 
each reduced cone consisting of five gra- wheel, or the distance of the traverse, 
datoi; pulleys, the surfaces of which are which will of course be equal to th** 
convex to prevent 'the strap from dip- ^fference between the least and gr 
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est diameters, measure the former on IH^. 4A. 

one of the radii, as C 8, divide the re- 
maining part of the radius A 8 into as 
many parts as there are divisions in one 
half of the circle, and draw the lines 
1 — 15, 2 — 14, and so on ; the line drawn 
from A through the points thus obtained 
will be the curve required ; by drawing 
similar lines on the other half of the 
circle, the heart-wheel may be com- 
pleted. It is obvious from the con- 
struction of this eccentric wheel, that 
the rate of motion of a traverse .moved 
by it may be uniform ; again, by giving 
a sufficient variation to the length of 
the radii, a great variety of rectilinear 
motions may be obtained. /v • i . 

Mr. Wright ingeniously uses several ? ^^ ^^^^ nuiximum may be given to the 
kinds of eccentrics in his patent pin- dnven wheel by varying the distaocc of 
making machine. ^'^^ P^^^ ^ ^^ contact from the centre 

A pair of elliptic wheels, their axes JPVg. 45, 

being in one of their foci, will work to- 
gether and produce a velocity varying 
as the eccentricity E/ (Jig, 44), the 
ratio of their velocities at any moment 

will be -T-i, or the ratio of their act- 
C F 

ing diameters. 




Fig. 44. 





of A. M. Morin has made use of this 
combination, at the suggestion of Mr. 
Poncelet, for some experiments on the 
traction of carriages ; to the axis a was 
attached wheelwork, by which means 
the revolutions of B were registered, 
and of course the force of traction 
known, as the lower or face wheel A 
was moved backwards and forwards ac- 
cording to the force with which it was 
pulled by the horse or other motive 
power. The instrument was called the 
compteur. The Rev, H. Moseley has 
taken up the same principle and applied 
it to an instrument for measuring the work 

Fig. 47. 



A method of transmitting motion in a 
manner similar to the preceding was 
used in some printing machines; the 
wheels were toothed, but not really ec- 
centric (Jig, 45). 

A very useful arrangement for obtain- 
ing an adaptative velocity consists in ap- 
phring a buflf-wheel to work on the face 
of another, as in^, 46 ; the velocity of 
motion of the face wheel A will be at 
the centre, and a maximum at the cir- 
cuwference, so that all veJocities between 
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thence called a aleam-CQglne indicator, 
also to a machine for mechanicaltj' per- 
forming some operations in mathematical 
analysis, the ioCegration ofgiTen differen- 
tials. Id the former instrument a cone 
(Jig^ 47) is used in place of llie face 
whfcl A, by which means the rotatory 
velocity of the wheel G may be more 
gradually varied from (at A) to the 



pulleys, capahle of being worked by 
one baod, is very oflen used. The fol- 
lowing examples illustrate this practice. 
Pig. 48 represents an arrangement for 
transmitting motion with tliree different 
Telocities or speeds ; the drum D is able 
to drive the system of pulleys on the 



When it ii required to u*e any ona of 
thew three speeds, the band muit t>8 
slipped from the loose pulley on to one 
oT tlie pulleys C, D, E j if a speed leu 
than tluu of the driving axis be wauted, 
the pulley C is to be used, which, car- 
rying the pinion H working with the 
wheel A, will give the axis a a speed less 
than that of A, in proportion to the 
ratio of the diameters of the wheels 
H, A; similarly Q, g, being equal in 
size, will gire a velocity to the axis a 
equal to that of A, and F,/(the pulley 
E bearing the band) will increase the 
velocity of the motion transmitted. 

The next illustration shows a method 
of transmitting motion with two speedo. 



Fig. 49. 



Fig. 48. 





lower shaft with one band Bi these four 
pulleys ore not attached to the same 
axis; L is a loose pulley, used merely 
to keep the band ready for use; the 
pulley is fixed to the axis Aj D is 
fixed to a hollow axis, working over the 
axis A ; E is fixed to another hollow 
axis, seen at e, working over the other 
two axes. The axis A carries also the 
pinion H, and the axes of D and B 
carry respectively the pinions or wheels 
G and P; Imniediately below these 
wheels are a series of wheels. A, g, f, 
similar ia aiie, and drirta by tneir, 



The pulley L, driven by the strap B 
from the drum D, is loose ; the pulley 
C is fixed upon the spindle A, which 
also carries tne pinion E ; D is u pulley 
fixed upon a hollow spindle c. capable 
of moving freely upon the spindle A, 
and carrying the wheel F ; another pair 
of wheels, e. /, is carried by the oxi* a. 
If the band be slipped on to the pulley 
C, motion is given to the pinion E, and 
thence to the axis a, which will have a 
less velocity than A; if the pulley T> is 
used, F will be put in malut^ utA &'cn« 



Two flpeeds are sUo obtained without 
the medium of toothed wheels, by luii:^ 
two belts and two drums, as inj^, 50 ; 
here the larger drum D drive* the puU 
\ey» P, one being loose, as before, and 

Fig. 50. 



ill turn round more than once during a 
>volution of its piillef, by the distance 





the smaller drum d di 
if the diameter of this drum be half 
diameter of D, both pairs of pulleys 
being of equal diameter, the velocity or 
speed of the axis a may be made equal 
to or half that of the axis A. 

The folio wing combination affords two 
speeds, with a compound 



. _. being lc__. , _ .. 

iixedupoQ thcaxis A; DandEare loose. 
At c a bevelled wheel is attached to the 
pulley C, which can work with another 
d, held by D; a third bevelled wheel is 
fixed to E, wiiich is driven by the strap 
b. When the band is pushed on to the 
pulley C, a simple speed is given ; but if 
Dbe used a double velocity will be given 
to the wheel c, and thus to the axis a, 
the bevelled wheel « being fixed ; for, in 
thai case, the wheel d turns once during 
a revolution of the pulley D. If the 
pulley E is driven by the drum and belt 
D in tlie same direction as the pulley D, 
the bevelled wheel d will not revolve 
once (luring a revolution of the pulley 
D, by tlie distance the pulley E has 
moved round; also, if the band 6 is 
crotsed, E will revolve in a direction 
opposite to that of D, and the whee\ <I 



that E has moved round during that 
time. We have thus a combination by 
which the transmitted velocity can be 
varied in any way that may be desjredr 
In some cases the action of some 
parts of machinery is required to be in- 
termittent, or a certain alternation of 
rest and motion ; this is effecled, in 
toothed wheels, by leaving a portion or 
portions of the circumference oF the 
driver untoothed, as is shown in the 
subsequent illustrations. In jfe. 52 there 
are two portions of the drivmg wheel 
represented as without leelh, and, as 

Fig. 52. 




one of these is double the length of the 
other, the follower u> would rest during 
a time twice as long in one case as In 
the other. It is fouufl that, on the re- 
turn of contact, v\ve t«etti do not alwaya 
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fall into their proper spaces fti the other 
wlieel, and there is a chance of the parts 
being frnctureil; a guide and pin pre- 
vents tlie possibility of such an accident; 
the pin p catcbinj; in tlie guide g pushes 
the follower until a tCHDth of the driver 
fulls into a corresponding space of the 
follower. A very useful intermittent 
motion is obtaioed from the combination 
sliowD ioj%. 53. The driviogwheel W 



responding space d ; ' 
are pushed together, 




lias one tooth t, working with the ratchet 
teetb of the wlieel m; in the course of 
every revolution of W the wheel w will 
be pushed round a distance equal to one 
loothjcare.ofcourse, must be taken that 
the single tooth I falls into a space at 
every return of contact, and that the 
teeth are of such a length that the ac- 
tion with one (4) may continue until 
another (c) tooth is brought up ready 
tor the succeeding action. 

Gearing. — Tlie great inconvenience 
which would arise from suddenly de- 
stroying the motion of a prime mover of 
machinery, and the necessity of occa- 
sionally stopping some parts of a ma- 
chine while others are required to con- 
tinue in motion, has led to the invention 
of a series of contrivances by which the 
action of the prime roovor maybe engaged 
to or disengaged from a mocliine, which 
is thus said to be in or out of gear. 

Where long shafls are arranged for 
gearing with one another, coupHngi are 
employed, by which the ends of any two 
shafts may be connected or disconnected 
at pleasure. There are two descriptions 
of couplings, according as they have one 
or two bearing ; s simple coupling with 
two bearings is given inj^. 54. A being 
the end of the driving shali, a its journal 
resting on the bearing C, and B the fol- 
lowing shaft resting, by means of its 
journ^ b, on the bearing D, the coupling 
Gg, which is thus said to have two bear- 
ings, consists of two circular iron plates 
' F p, cast witb a face tootb « and a cor- 



falls Into the space in the other, and the 
coupling is effected. ' It will be readily 
seen that, if the bearings are not accu- 
rately adjusted with one another, a part 
of the iorce transmitted must be ex- 
pended in an endeavour to tear the 
journals from their bearings, or to break 
the coupling ; on this account, and from 
the friction arising, couplings with one 
bearing have come into general use. Tlie 
cquare coupling,^. 55, is at once a very 
simple and effective arrangement ! A being 

Fig. 55. 




the driving, and B the following shaIYi 
the driving shaft rests upon the bearing 
D supporting the sliaft B by a tooth T 
fitting m a correspondin'- hole 

in B; over these two 'e 

box C is fitted aitd fii 
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one patMug through each altatt. Id 
these coDtriMDces it is requJMd to con- 
vey the moving power with as little 
stress and near of the parts as possible; 
the axEB of ihe shafts should be care, 
fully placed in the same straight line, 
and [he power transmitted at as great a 
distance from the axis as can be conve- 
niently allowed 1 this, indeed, foUowa 
from the property of the lever ; — when a 
force ii enerled at double the distance 
from the fulcrum, or ceAtre, it will exert 
but.half (he strain upon ihat cenlre. 

The suddeo engagement and disen- 
){agement of machinery is frequently re- 
quired in cotton, printing, and steam 
machinery generally. The old contriv- 
anceg for eff'ecting this object made the 
solid parts of the machine c 
denly into contact, and wei 
quenlly very objectionable, as 
ance was made for the property of [neriia 
ofthequiescentmassi ana we learn, from 
the nature of material bodies, that this 






natural indifference to motioii must be 
gradually overcome. Some of the later 
contrivances are therefore made to act 
consonant with this principle. A gear- 
ing very generally used, on account of 
its simplicity, is the fast and loose pu|. 
ley, examples of which are given injigi. 
49 — 52; tlie band driven by the main 
shaft i^ held in readiness by the loose 
pulley, which, moving freely on iis aiii, 
exerts no effective rotatory force j by the 
fork t the band may be moved on to the 
next and fixed pulley, which is of an 
equal size, and the machine is then in 
gear, but it la not immediately driven at 
the same rate as the band moves, for, 
until a great portion of the inertia is 
overcome, the band will slip, and then 
the velocity of the driven parta will 
gradually attain the speed of the driver. 
The friction -clutch is a beautiful con- 
trivance for gradually transmitting an 
applied power. A and B {^, 66) are, 
as before, the driving and following 





shafts or spindles, resting apon ttieir 
bearings X, X. On the end of the 
shaft A is slipped a fork, called a bayo- 
net, a be, which is held either by the 
square end of the shaft or passes 
through the lateral arms S S, wliich are 
fixed to the axis. At the end of the 
following shaft B a drum is fixed, which 
is provided with flanges or ledges on 
eacn side to prevent a hoop or friction 
strap H H, from slipping ofi* when the 
arrangement is in motion ; this hoop is 
a spring tightened by the screw i so as 
to move upon the drum with consider- 
able friction. When the bayonet abe 
is pushed out so as to catch the hoop at 
b, e, the shaft A being in motion, it 
forces the hoop to revolve with the 
same relod^ ; but. 4^ H c«n piove u[)oa 



the drum, it slips to some extent until 
by the friction it has gradually trans- 
mitted the same rapidity of motion. 

Where cog wheels are to be put in 
gear, it is generally effected by allowing 
the follower to fall on the driver ; there 
is, however, a great chance of breaking 
the teeth of the wheels, as tbey fre- 
quently meet and produce a violent 

A friction and reversing gear is de- 
scribed by Mr. Higson (the patentee), 
in which a pair of cones is used to 
moderate the effect of the applied 
force'. The principal parta are re- 
presented in jig. 67 ; A is the shaft 
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connected with the moving power, and 
B that acting on tile machinery to be 
driven. On the driving shaft A two 
bevel wheels C D, and their projecting 
friction conea c d, we fitted to revoke 
loosely J these cones, c d, are hollowed 
so as to admit of the cones d d coming 
in contact with their inner surfaces and 
acting on them by friction ; the cones 
e f are fixed upon the shaft A as re- 
gards rotatory motion, although they 
can be pushed hackwards and forwards 
on the shaii, and thus come in contact 
with cither of the hollow cooes. If the 
pair of cones, which are held together by 
screws t i for adjustment, be pushed 
towards the wheel C, the cone r will 
come into contact with the cone c, the 
position shown in the diagram, and by 
friction cause it, with the bevel wheel 
C, to revolve, turning the superior bevel 
wheel E and iu shaft; by pushing the 
cones towards d, and making contact 
with it, C will no longer be acted on, as 
it fits loosely upon the driving shaft, but 
D wilt work and torn the shaft B in a 
contrary direction. The friction cones, 
e f, are brought Into contact with 
the cones c d, 63 may be required by 
the following contrivance : — A part of 
the shaft A is made hollow, so as to 
admit the smaller shaft G to slide within 
it ; this shall carries a key, which passes 
through a mortise in the exterior shaft 
A, and catches in a groove made in the 
boss of the cone-wheels; thus, when A 
revolves, the cones must rcTolve, but 
through the length of the mortiae they 
can be moved l^ieltudiaally; the shaft 
G is worked by the screw S, on one 
end of which is fixed a wheel W, turned 
by bandies oo its circumference. This 



part of the apparatus is supported by a 
saddle, only ports of the three cross- 
bars of which are shown in the figure. 
For llie convenience of quickly stopping 
the motion of the shaft B, a break, con- 
sisting of a wheel and friction-band P, is 
addedi the band or strap presses on the 
wheel according as the levet L Is de- 
pressed, and, to make it self-acting, a pin 
IS placed upon the wheel W, so that, 
when the latter is turned and it moves 
the cones ef from contact with either 
of the hollow cones, the pin is at its 
lowest point, and there presses upon a 
lever I, which, behie attached to the end 
of the lever L, putu it downward, and 
tightens the friction-strap. 



Illmtrationt of Machine/^. 

The applications which have been made 
of elementary combinations, and of the 
principles of mechanical science, are so 
numerous at the present time that It 
would retjuire a lajge volume to give a 
full description of the machines now 
used in the aits and manufactures. The 
principal features of interest iu ma- 
chineiy, besides the accurate workman- 
ship displayed in them, are their self- 
acting and self-adjusting c^abilitiesi 
and the rapidity and accuracy wit)) 
which the work is done. This is ex- 
emplified in machines fur turning, plan- 
ing, boring, drilling, punching, sawing, 
pile-driving, stamping, printing, copy- 
ing, dividing, &c. With some of these 
machines little manual eiettioa li ■t«- 
quited fvnl\t» X^tva Wt fee* 'Cmswi, *v- 
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though it ii impossible to distiogubh tion of what are termMl self-acting m». 

them as requiring and not requiring chineB to a very great extent. 

manual assistance, being employed in In the preseot 'clinpter we purpow 

either viaj accordibg to circumstances ; giving a few illustrations of modera ma. 

but the general application of steam as chinery, for which we shall describe the 

a motive power has led to the coDSttuc- turning-lathe, planing macliine, foig» 
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haininer, punching and plate-cutting, 
wheel-cuttmg and drilling, and printing 
macliines. 

I. TAe Turning. Lalhe.~Th\s tool 
holds a most prominent place among 
machinerj', on account of itj great 
utility. In the present construction of 
the machine, by which it is rendered both 
self-acting and self-adjusting, admirable 
arrangements are made for the purpose 
of giving the greatest accuracy and uni- 
versality to its operations. 

The turning-lathe represented in the 
accompanying diagrams is one of the most 
complete i it is adapted for plain and cir- 
cular turning, screw -cutting, and boring. 
A. A,J!g. 1, is a sliding iron bed, resting 
upon the blocks B B, which are fixed 
to the stone flooring of the workshop. 
The bed is planed truly on the upper 
surface of its flniii;cs, upon which rest 
the headstock C C, fiird to the bed by 
screws, the shifting headstock D D, 
which is fitted to slide along the bed, 
and can be mnde fast at any convenient 
distance from the headstock C C, end 
the slide-rest arrangement E E. The 
flanges of the bed are of a dovetailed 
form, as may be observed in the end 
view (^, 8)i one side of the moveable 
headstock is placed so as to suit the in. 

Fig. 3. 




attached to a chuck U (or bolder') on 
the mandrel M, may be further adjusted 
by a screw, worked by the wheel if, 
which moves the pointed spindle (; 
when in a proper position, the spindle is 
held fast by the screws above it. 

The fixed headstock C C carries the 
mandrel M, upon which are the loose 
driving pulleys VP and pinion p (cast 
with the pulleys) ood the fixed wheel 
W; and a spindle F, to which is fixed 
the wheel and pinion G g. By this 
arrangement two sets of motions are 
obtained ; for the more rapid motions 
the wheel and pinion G g are put out 
of gear by two levers acting on tile 
moveable bushes or bearings of the 
spindle F, t)ie levers being worked by 
the rod and liandle h h, and the pulleys 
and pinion on the mandrel are fixed by 
"key; wlien the slower r '' ' 
_uired, t' 
loosely o 

and pinion Gg is put in gear with the 
wheel and pinion on the mandril; the 
motion communicated to the pulleys by 
the moving power in this case does not 
immediately aSect the mandril, but is 
transmitted by the pinion p to the wheel 
G, and by the pinion a to the Gicd 
wheel W. 

The slide-rest E E {jigt. 1, 2, 3, 4, 6} 
is capable of different arrangements ac- 
cording to the manner in which the tool, 
which is fixed by screws to the upper 
slide, is to work. It rests upon the 




elination of the flange, and at the oppo- 
site side a loose piece Is put between 
the shoulder of the headstock and (he 
flange, against ivhieh the loose piece is 
driven by screws 2 2 until the head- 
stock moves easily but not loosely 
along the bed. The same adjustment 
may be seen in the other slides ; tlie 
tightening screws being denoted by the 
numeral 2. 

The moveable headstock, for tighten- 
ing up the work to be turned when 



smooth surfaces of the bed-flanges, and 
is moved along the bed by a main 
screw S, which works in nuts fixed to 
the under side of a slide E ' ; upon this 
rests another slide E', which can be 
driven across the bed of the lathe by a 
handle and wheel z on a sliafl ( partly 
screwed, working in a nut similar to the 
first slide and main screw ; above this 
slide is a worm-wheel E* turned by a 

fs Eqnili- 

at the circmnferen™ catth wme projecting 
port of the work, which ruli upon th« cea- 
tial pin, and driveg it round. 
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worm on the flnft r {.teejla. 4. 6), b; ihe bevelled «hed on the ahaft if, find 

which a TOtatorj motioo of the cutler in iu proper pontioo b; meoiis of two 

nwj be obt«ned for turning Bpheiical circulnr grooves or slots f e, in which 

sut&eef. A fourth piece E * retts upou the block carrTing the thaft is moveslile. 

the wheel, etiTTjiDg the tool, which is A worm or endless iciew / placed mi 

held in its place b; some of the screws the shaft woiks tlie whad «, on Ibc 

t't'. Hiis n also s slide, moved loqpi- end «f the screw S. The alide-^est 

Indhiallj by a baiidle *' on the end of a and tool is thus moved along the bed 

■crew. of the lathe while the work is r^ 

The following are the airangementa volving between the chuck on the end 

adopted in such ui iostrument for paral- of the mandril and the ^Mndle in the 

lei, spherical, and bce-tumingibarreUng, headstock D; the rate M which the re« 

and screw-cutting: — moves is rcgolatod bj the number of 

Iu parallel turning (as the turning of teeth in the wheel ■', the tither wbeds 
plain cflmders or rods) the mandril end being the same ; three changes are pro- 
of the lathe is adjusted as in Jig. 5, vided, bavii^ tbirtv, forty, and fift; 
teeth in each whe^ ^esp«^tivelf ; aad 



Fig. a. 




One of the bevelled wheels a< 



end of the mandril is put in gear with the last figui 
Fig. 



the pitch <rf' Ihe screw 3 being o 
the slide-rest will move with the above- 
mentioned wheels i,, i,, and ^h of an 
inch along the bed for eveij turn of Ihe 
mandril. The rest m» be moved to or 
from the headstock Cf C b^ the revm- 
ing combination aai the pair of bevelled 
wheels are moveable aloug their shaft, 
and either can be put in gear with the 
wheel on the upper end of the shaft a, 
b; moving the handle k. 

For spherical turning, the arrange* 
ment of the end of the lathe and slide- 
rest shown in j^. 6 is adopted. The 
the sliuft d is shil\ed from the position in 
■' " " to allow the 




worm b to work, with a small wheel, on 
the end of the shaft H. This ehafl 
moves the bevelled nheel and pinion m, 
h; the latter wheel is cast solid with 
the wheel o, and turns loosely upon its 
axis (, the lower slide of the rest is mo- 
tionlesi, while the wheel o^tums the 
spindle r by the wheel qi the spindle r 
is provided vitli a worm ii, in gear with 



the horiionlal wheel 0, whidi support* 
the upper parts carrjiog the toolj tfa« 
motion of the cutting edge of the tool 
will therefore be concentric with tlie 
wheel O. and not progressive. If the 
centre of be immedjatety below the 
axis of the lathe, tlie tool in revolving 
will cut a spherical surface, the diam^er 
of the ball thus formed depending on 
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the distance from the centre of the 
wheel O at which the cutting edge of 
the tool is fixed. If the centre of O be 
not Terticftlly below the axis of tlie 
lathe, a figure will be given to the woik, 
the curve being concave or convex ac- 
cording to the relative positions of the 
diSbrent parts. 

The contrivance' for barreling (glviiM 
a swell in the middle of a rod or shaft 
similar to a barrel) is a combination of 
the two former, as might be supposed 
(Jg. 7). A shaft is placed so that a 
bevelled wheel at one end may work 

Fig. 7. 




'.cutting the bevelled wheels 




ingw 



with another similar wheel on the end 
of the screw S j while at the other end 
a small worm c moves a wheel on the 
end of the shafl H ; thus, while the tool 
is moving iJong ihe bed of the lathe, it 
describes an arc by i(s rotation on the 
horizontal wheel with a very slow 

In face-turning no motion of the large 
screw S is required, but the tool is to 
be carried gradually across the lathe. 
The end of the lathe will be adjusted as 
Is shown ia^fig. 6; the wheel q, in the 
slide-rest apparatus, is talien off', and 
the bevelled wheel n is keyed to its 
shaft, which is a screw, and moves the 
slide with the tool across the bed of the 
lathe. 



be adjusted in the groove to convey 
tne motion from the mandril to tlie 
wheel ^ on the end of the screw S. In 
this manner any proportion between the 
rate of the progressive motion of the 
slide-rest and the rotatory motion of the 
mandril (and cylinder to be cut) may be 
obtained, by properly proportioning the 
number of teeth in the wheels randy, 
the velocity of the slide-rest being al- 
ways equal to — 

No. of teeth in x 
No. of teeth in y 

The pitch of the screw 3 being one 
inch, if the wheel y have eighty teeth, 
a change of ten teeth in the wheel x on 
the mandril will produce a convenient 
dilference of one-eighth of an inch in the 
motion of the slide-rest. 

From the above description of the- 
operations performed by the lathe de- 
scribed, it is evident that the slide-rest 
is a very important part of tlte machine. 
It is an introduction of late years, and 
has proved an invaluable instrument in 
prao^cal mechanics; it has also been 
extended in principle to many other 
tool- machines with eminent success. 
In the ordinary rest the workman 




holds the cutting tool as firmly as fos- slide, and requires no altantion; and 
sible on Ihe edge of the r^t, but in ths being worked by a screw, araA xm" — 
sHde-rest the tool is fixed to the uppet Bguiat««\ioij&a«<n%Bi>v\x^'S^ 
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the edge of the tool roust cut very truly 
in wltatever ilirectioD it is applied; ia 
parallel tumipg a cylinder or rod ma; be 
< turned of any Teneth allowed by the size 
of the lalbe, and preserve throughout 
au equal dlaineter, or, in face-tuining 
surfaces, cut so truly as to adhere toge- 
ther nhea put in contact,— in fact as true 
as the face of the shoulder against which 
the slide bearsi but such accuracy was 
not attainable ia the manual use of the 
tool with a commoD rest. A slide-rest 
may be said In general to consist of two 
slides, as in the subjoined diagram, 
worked by screws, one of which is 
placed at right angles to the other ; the 
lower slide A is moved by means of a 
nut, in which the screw S works, along 



the bed of the lathe ; the upper slide B 
is worked by the screw t, in a Bitnilar 
manner, across the lathe ; on the upper 
slide the tool T is fixed by screws. By 
such an arrangement the tool commands 
the sur&ce of the laihe longitudinally 
aud latitudinally. 

II. Tie Planing Machine. — ^This tool 
is intended for planing the surlaces of 
iron and other metals, which is now 
done with very great accuracy and de- 
spatch. Before the introduction of this 
beautiful machine there was great diffi- 
culty experienced xa giving a plane sur- 
lacc to the harder metals; and, after the 
finisliing stroke of the best workmen, 
imperfections were apparent, and plane 
surfaces were avoided as much as pos- 




sible in old mocliinery; it will thus be 
seen that the planing machine is a most 
important contrivance; it lias contri. 
buted very greatly towards producing 
that elegant machinery which may now 
be seen In our factories executing iis 
appointed work with astonishing rapidity 
and accuracy. 

The diagrams 10, 11, and 13 exhibit 
one of the most improved and ingenious 
alaoi/tg maclunea vh'ich liave come 



under our notice. It is self-acting, and 
intended by the makers* for general 
work of what engineers call a mode- 
rate size; a scale is attached, so that 
the real size of tlie machine may be 
readily conceived. 

' M«>tn. Jmepl) 'Whitworth and Co., of 
Itfanehnter, lo whom we an indebted for the 
■bove dnwing of tb!>, tbeir pntent seIf4ctiBg 
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TheironbedAAofthe machine is pro- cated by a self-acting apparatus. The 

vided 'with angular bearings a a on its table has a number of longitudinal 

upper edges, upon which the table B B grooves O on its upper surface, for 

slides ; these bearings being well lubri- fixing the work to it, and is moved with 

Fig. II. 




\MO 



an alternate rectilinear motion by the 
screw C C, which turns in a patent 
white metal nut N, fixed to the under 
side of the table. At the end of the 
machine where the driving gear is placed 
(seen in the second figure), the driving 
screw carries a bevelled wheel b, work- 
ing with the smaller bevelled wheels 
cc; one of these wheels is fixed to the 
shaft x\ which passes through the op- 
posite bevelled wheel and the hollow 
axis X to the pulley D,, the other 
bevelled wheel is fixed to the hollow 
axis or long boss X, which is attached 
to the pulley D, the third pulley D^ being 
loose. The driving band being pushed 
from one pulley to another by a bell- 
crank lever 1 1 and guide g. The con- 
trivances for moving this lever and re- 
versing the face of the cutting tool form 
peculiar features in this machine, and 
are self-acting by the following arrange- 
ment : — On the side of the moveable 
table B B two stops f/ are fixed, one of 
nv'hich, when the table arrives at the 



extremity of its travel, strikes against 
the upper arm of the bent lever M, 
upon whose fulcrum or axis is placed 
the segment wheel i, the teeth upon 
which gear with a pinion on a spindle 
behind the wheel /; the same spindle 
carries another pinion at the end not 
seen in the drawing, working with a 
rack fixed to the horizontal rod R R, 
which is capable of being moved longi- 
tudinally in its bearings ee, and, by 
means of two pins fixed to it under- 
neath, pushes one end of the bell-crank 
lever 1 1, and consequently moves the 
guide, and with it the strap, on to 
another pulley. This is the machinery 
for producing the self-reversing motion 
of the table. On the visible end of the 
spindle before mentioned, a circular plate 
/ is keyed, having a projecting piece or lug 
carrying a pin. This pin, when the plate 
is moved round, falls into a slot in the 
imperfect wheel m, moving it and the 
pulley n with U\<i %,Vc«>.^ ^ * ^\\^\fex«^ ^ 
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the plaU il and pb when required, wheel is determined hj the Btud« tin, 

The rooTsmeDt thus given to the pulley vhich, sliding in the circular grooTes or 

■ U communicated to the tool' socket slate, maybe lixed at anj distance apart, 

(for turning it) by an endleas strap P, A self-acting vertical motion maj' be 

which passes over the pulley r, and pvcn to the slide H H, when fixed at 

round tne guide pulleys, g, q, q, q, at- anj angle, by means of the arm it, pro- 

tached to the vertical slide E E and jecting from the socket pulley, the arm 

Fig. 12. 





horizontal slide G G; they give a pro- 
per direction to the strap, and keep it on 
the tool socket «' in all positions of the 
slides. The strap then passes up to 
the pulley d' attached to one end of a 
lever L' L, the fulcrum being at L'; 
the lever carries a click c , which 
catclies the ratchet teeth of a fixed 
wheel W; this little contrirance is for 
the purpose of keeping the strap at a 
proper tension. When this strap is 
moved by the pulley n, it causes the tool 
socket t' to make a semi -revolution, and 
thus turn the cutting edge of the tool in 
an opposite direction, to enable it to 
pluie during the motion of the table in 
^ther direclJon. A atop is fixed on the 
tool socket, which comes in contact 
with a stop on the vertical slide E, and 
accurately determines the amount of 
revolution of the tool socket. The re- 
versing strap P also works the screw 
FF and moves the plane across the 
table, by means of a click i attached to 
the axis of the loose pulley rr; the 
click catches the leeth of a wheel S 
fixed to an axis passing through the 
hollow axis of the pulley r, and turning 
the screw F; the click tints pushes 
the wheel S through a small part of a 
revolution, and the screw, working in a 
nut at ths back of the slide G G, car. 
ries the tool, by successive steps, across 
fj)« tatAe, The distance which the tool 
moral evetj dme the click catches the 



carries a pin w u> passing through a slot 
in the lever x, fitting loosely on the 
screw y of the down slide H H, and 
having a click z working against a small 
wheel a' on the axis of the Bcrew, The 
lever j; also bears a pin A', which will 
act OS a clasp round the screw j this is 
useful when the tool is planing, so as not 
to allow of its being reversed i it must 
then be lilied from the work during llie 
motion of the table in one direction; 
for such a movement the upper part of 
the tool socket is disconnected from the 
lower, the motion of the pulley t con- 
tinues as before, but, instead of reversing 
the tool, it acts by the lever on the screw 
ti, and raises the slide HH with the 
tool. 

The tool is adjusted in its socket by 
the screws X X, and the socket has a 
conic^ bearing, so that any play is pre- 
vented by tightening the nut g', which 
acts as a collar of suspension from the 
bearing. The bolts h' h' are provided to 
set the tool slide II H at any required 
angle on the slide G G, wlilch is placed 
at the necessary height from the work 
by the vertical screws J J passing 
through nuts fixed at the back of the 
frame E E by the screws KK; both 
screws J J being turned simultaneously 
by the horizontal shaft S' S', whica 
carries two bevelled wheels gearing with 
bevelled wheels on the axis of t^ 
■C«w». 
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Ill Tie Forge- ffammer.~ln forg- 

ing lai^ masses of metal to form them 
Into shafts, anchors, and heavy parts of 
machmery, the small hammers used by 
workmen are insufficient to produce the 
required effect of condensing the mate- 
rial; a ponderous instrument called a 
forge- hammer has therefore been com- 
monly used, which by its great weight, 
and a faU of some depth, effecU an 
adequate compression of the heated 
mass placed upon an anTil beneath it. 
Tlie general mrin of this engine is 
shown in tike preceding chapter (j^. 
33). It may be observed that this ham- 
mer will not work so well wkli larger as 
with smaller masses j the larger the 
mass the less space it has to fall 
through, ajid consequently the less 
velocity and momentum is attained. 
The importance of the engine consists 
in its capability of giving a powerful blow ; 
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ai much momentum as possible should 

be obtained, and the larger tbe mass the 
mora the momentum should be, which 
is contrary to the effect produced, as the 
larger the mass the less will be the 

of varyitig the intensity of the blow) a 
part of the power obtained is unavail- 
able in the common hammer, for, as we 
have already remarked, no attention ii 
paid to the laws of bodies rotating about 
a Hied axis, and the axis or centre about 
which the hammer oscillates suffers con- 
tinually from the efforts of the moving 
mass acting with a certain amount (U 
leverage (tne ftnvil being the fulcrum) 
to tear away from its axis. It is but 
very lately that this subject has received 
any attenliui, although a very import- 
ant one, as large bars of wrought iron 
have frequently been fractured, and dis- 
closed a faulty structure within, the 
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blowi of the forge-haramer liavinp pene- and drives tlie piston L upwards] vhn 
trated but a little depth below the »ur. the valve is moved upwards, so m to 
face. An engine has lately been brought open a communication between -ibe 
under public Qodce bj Mr. Jai. Naamyth, passages / and g, the etcam nuhes out 
and appears to supply all that is re- p- ^^ 

quired ; its great power, and the faciliqr •6- • 

with which that power can be regulated 
■o as to do its work properly, giving 
this newliammer a completeness which 
leaves nothing to be desired. A view 
of one of these patent steam hammers 
en in the following diagrams. 
the general s true lure of tlie instru- 
ment is shown in Jig. 13 ; it consist* of 
stout cast-iron standards A A, firmlv 
secured to a broad sule-plateBB, which 
is imbedded in the strong flooring of the 
forge. Upon the top of the standards a 
table C is fixed, lo support the steam 
cylinder D and its valves. The piston- 

rod E, proceeding from the piston in through the waste pipe K. To prerenl 
the cyhndet D, carries the hammer the piston from striking the cylindn 
block F F, n mass of cast-iron, in which cover, the holes h h are made at a short 
is inserted the hammer-face a; it is held distance from the top of the cylinder, 
fastinthcdovcluilgrooTehyironwedges which communicate with the waste 
and wooden packing. The anvil-face ft 



The 




is similarly secured to the anvil-block G, 
also of cast-iron, and of a mass suffi- 
cient to sustain the blows of the ham- 
mer. The hammer block is directed in 
a vertical motion by guides g' g' on the 
interior side of the standard, which 
nork in grooves formed in the hammer 
block. Byadmitting high -pressure steam 
into the cylinder tliroiigh tlie pipe H, 
and underneath the piston, the latter 
is driven upwards, with the hammer; 
at a proper lieight the steam escapes, 
and allons the hammer to fall with 
great force on (he substance placed upon 
the nnvil ft. The details of the instru- 
ment are — the arrangements for admit- 
ting and regulating the supply of steam 
beneath the piston, and the contrivances 
by which the engine is made Self-acting, 
or by which it opens and shuts the 
sleam-valves, and the means employed 
for regulating the intensity of the blow. 
The steam brought by the pipe H 
meets in the box I a slmt-ofT valve c 
(Ji^. U), which is worked by the rod and 
handle dd, under the command of the 



open 03 in the figure, passes into the 
vnlve-boi J, in which a sliding-valve c 
(Jig. 15) works before a passage / 
leading to the steam cylinder D, and 
aitother g leading to the waste pipe K ; 
tlio tteiun, when the valve is in the 
{lotitloo indicated, enters tiie cylindei, 
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pipe by the passage t ; these holes allow slightly on the piston before the ham- 
the air and steam in the cylinder above mer has reached the substance on the 
the piston to pass out when performing anvil ; consequently the whole mo- 
its upward stroke, until it reaches the mentum of the liammer gained by the 
holes, when the air above h h cannot fall is not allowed to act on the forging, 
escape and acts as an air spring upon when it is required, the attendant de- 
the piston ; the holes also permit the taches a small handle y from a catch, 
steam underneath the piston to escape by which the ingenious mechanism let- 
when the holes have been passed. tered *, U »» w* *» X is brought into 

The slide-valve e is moved down, in action. Tlie lever y is pressed down- 
time latter case, by means of a small solid wards by a spring x^ and brings the 
piston 7«, fixed to the upper part of the trigger w into contact with a shoulder 
slide-valve rod //, moving steam-tight in on the rod F; when the latter descends 
the little cylinder M, which is supplied the trigger catches the top of the 
with steam from the valve-chest J by shoulder, preventing the return of the 
the copper pipe n; the pressure of the rod upwards and the admission of the 
steam would thus keep the piston and steam into the cylinder ; the admission- 
valve continually in the position shown, valve e would thus not be again opened 
and keep the introducing port / always but for the attached arrangement *, /, », 
open. The upward motion is effected X ; the handle y being pressed down by 
by a lever R R attached at one end to the spring .r acts upon the rod t;, push- 
the valve-rod /, and at the other to the ing it towards the hammer; this rod is 
connecting-rod Q, which conjoins it to jointed to the bar i Sy which is attached 
a shaft P P, screwed for a considerable at the top and bottom to bell-crank 
part of its length, and is capable of ver- levers it; when the bar is pushed to- 
tical and rotatory motion ; to a nut on wards the hammer it touches one end 
the screwed shaft is jointed the lever O, of a lever X, called the latch-lever; the 
carrying at the other end a roller o, little instrument is heavier on one side 
which moves over the face of a tappet than on the other, the heavier arm 
N fixed on the hammer-block; when being pressed upwards by a spring b'; 
the hammer rises the tappet strikes the which is, however, not so strong as to 
roller o, and pushes that end of the, prevent the arm from descending by its 
15ver upwards; the other extremity will inertia when the hammer is suddenly 
of course push the shaft P P down- stopped by the metal on the anvil ; in 
wards and the valve-rod // upwards, by this case the other extremity of the 
which the steam is let out into the lever is raised, and pushes back the bar 
waste-pipe K; the hammer then falls; ss, the rod v, and the trigger w, allow- 
but in so doing it allows the end o of ing the rod P to ascend and reopen the 
the lever to fall, which raises the steam-valve. The handle z enables the 
screwed rod P, the valve-rod is de- attendant to work the steam* valve 
pressed, and again steam is admitted manually when necessary, 
into the cylinder, causing the hammer In the section shown in Jig, 15 the 
to ascend; in that way the hammer is piston-rod £ is seen to be attached to 
self-acting. The height of its fall it the hammer with a packing, to prevent 
may be seen depends on the height of the sudden jerks which would occur if 
the lever O ; this can be regulated by the rod were merely screwed into the 
the attendant, who has the handle a' hammer-block; the packing consists of 
under his command; this handle turns several layers of hardwood, which by 
the bevelled wheel q, working another their elasticity act as a spring. Above 
on the screwed rod P, which communi- them the keys k secure the connection, 
cates its rotatory motion by means of The steam-hammer has been applied 
two spur wheels r r to a similarly by the patentee as a pile-driving engine, 
screwed rod U, carrying the nut in with the greatest success ; some modifi- 
which the fulcrum of the lever O rests, cations are of course required to adapt 
By turning the handle a' the nuts are the hammer to this purpose, but the 
moved up or down as required, which arrangements of the self-acting valves 
brings the ends of the lever in contact are similar. The piston and hammer 
with the tappet N at a greater or lesser are supported by a tall standard or 
height above the anvil. guide-pole, down which it is allowed to 

In the arrangements at present de- slide and follow the pile as it sink*^ 

scribed the steam is allowed to act the ground, by me^ti'& o^ «l ^Vtojw^i^^ 
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passing over the standard and round a 
barrel turned by a small steam-engine. 
The hammer, its boiler, and the minor 
details are all placed on a truck or plat- 
form, moveable upon a railway, which 
allows the machine to travel along as 
the piles are driven. The weight of 
the hammer used by Mr. Nasmy th is 
30 cwt., descending through a space of 
three feet; it moves so rapidly as to 
deliver seventy or eighty blows per 
minute. The new pile-driver is a far 
superior instrument to the old form, 
both as regards the effectiveness of a 
single stroke and rapidity with which 
the work is done. In the old pile-driver 
the monkey or hammer is drawn up by 
a windlass at a very slow rate, and 
occupies a very long period of time to 
drive a large pile; the monkey also is 
carried to a great height to attain as 
much velocity as possible in the de- 
scent, which has the effect of destroy- 
ing very rapidly the head of the pile, 
and thus using that energy which should 
be effectual in forcing the pile into the 
ground. With the new engine these 
inconveniences do not result, the ham- 
mer being of a great weight, and moving 
through but a small space, has great 
momentum with little velocity; this, as 
is well known in practical mechanics, is 
the condition desired ; for although im- 
pact is so much more useful in driving 
a wedge than pressure, that impact 
must be of a kind suited to the nature 
and properties of matter ; as a pressure 
is a misapplication of power on one hand, 
so a weight very small in comparison 
with that of the wedge, moving with a 
very great velocity, is a misuse of power 
on the other hand. This does not, how- 
ever, interfere with theory, it is still true 
according to the law of momentum* 
that two hammers of very different 
weights may have the same amount of 
momentum, as for example in the case 
of the present engine, 

30 cwt. X 14 = 420 
14 cwt. X 30 = 420 

the amounts are equal whether we sup- 
pose the hammer of 30 cwt. to fall 3 
feet, by which it attains. a velocity of 
14 feet per second, or the hammer to be 
14 cwt. and its velocity 30 feet per 
second; but the result when the two 
are apphed to useful purposes are soon 
evident. 



We believe the patent steam pile- 
driver has been used in piling the 
foundations of the High Level Bridge, 
at Newcastle-upon-Tyne, at the Via- 
duct over the river Tweed, near Ber- 
wick, and other places, with complete 
success, and it is considered a most 
important invention for engineering pur- 
poses. 

4. Punching and Plate-cutting Ma- 
chines, — In making boilers and other 
apparatus where iron plates are required 
to be riveted together, some engine is 
necessary to form the holes for admit- 
ting the rivets; for this purpose the 
punching macliine is tised, the desired 
quality of which is a capability of exer- 
cising immense force through a small 
space — the thickness of the -plate to be 
punched. In a great many contrivances 
for this purpose, a very heavy cast-iron 
lever is used, the arm carrying* the 
punch being very short in comparison 
with the other, the extremity of which 
a cam, worked by steam or other avail- 
able power, and carrying on its axis a 
heavy fly-wheel, lifts during a revolu- 
tion, and punches the hole. Such an 
instrument is shown in^. 16. L L is 

Fig, 16. 




the great lever, the fulcrum being at F, 
in the strong standard A, the shorter 
arm carries the punch p with its socket 
s, which is kept steady by the box in 
which it slides. The longer arm is raised 
by means of the cam or eccentric C, on 
the same axis with the heavy fly-wheel 
W ; the descent of the longer arm, which 
consequently raises the punch, is effected 
by its own great weight. A beautiful ma- 
chine has been constructed by Messrs. 
Nasmyth, Gaskell, and Co.f, capable 
also of cutting iron plates, an operation 
which was commonly performed by a lever 
instrument similar to that shown in the 



* Sec Pjaamics^ art. 33. 



f We are indebted to the kindness of Mr. 
Nasmyth for the drawings of this machine. 
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diagram above, the punch being replaced ting arrangementa ; the driving apdara- 

by two cutting edges, actii^ Uke enor- tus being siniUaT ht both parts of this 

moua itiears. compound machine. We sliall first de> 

A A are large cast-iroD standards, scribe the punching instrument, whicli 

which support the punching and cut- ii seen 'aifig. ITi^Jlg. 18, and the plan 





^.19. TliL first fi^ur i a front cIpti f,g I7, 

tion, showing tlie slide B supported by 
the standard and between two shoulders 
fie, the former being adjustable by screws; 
this forma what is caUed a V slide on ac- 
count of its sliape. It carries at the tower 
extremitj the punch p, which makes a 
hole in the plate R, when the slide is 
driven downwards. Motion is dven to 
the slide by an eccentric a, fixed to one 
end of a shaft which carries at the other 
extremity the spur-wheel G; this is con- 
nected with a reducing train D E. On 
the axis of the smaller pinion is a pair 
of pulleys, one being fast and the other 
loose,bywhichraeans the punchin^-slide thus effected the punch rises, being 
receives motion from the driving shaft of assisted in doing so by two ireigllts ui w; 
the factory; a heavy fly-wheel G is in this movement the plate very fre- 
placed upon tliegearing-sliaft to equalize quently has a tendency to rise also, as 
the motion. The punch, in making a tne punch fits tightly in the hole it has 
hole, drives the portion of metal beneath made; a stop is therefore placed each 
it into the die n, tlnough which it falls side of the punch to prevent this ac- 
to the ground. When the object is tion; it is shown in Jig. 18 by a smalt 
Fig. 18. 



F^ 




84 



MECHANICS. 



curved piece, above the letter p, 
screwed to the standard A. The ap- 
paratus on which the plate R to be 
punched is bolted, is for the purpose of 
carrying the plate onward as the holes 
are punched; and this can be done 
with great nicety. 

The plate rests immediately upon a 
carriage, H I, moving along a railway, 
the inner rail being a triangular bar, so 
that the wheels I are unable to run off 
the rail. A rack N is fixed on the 
outer side of the railway, gearing with 
the pinion O, which is fixed on the 
lower end of • spindle worked by the 



handle P; the workman in attendance 
is thus enabled to move the table and 
plate at pleasure along the railway, by 
turning the handle P. The distance 
between the holes, called the *' pitch," 
or the distance moved by the carriage 
after every punch, is determined and 
regulated by a highly scientific and ele- 
gant contrivance. Underneath the table 
a pall K is attached to an axis fixed to 
the carriage, catching the teeth of a 
rack L ; this rack is moveable about an 
axis at one end, and at the other ex- 
tremity carries a pointer. Jig, 19, and 
tightening screw ; it will be readily un- 



Fig. 19. 
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derstood that by this means the most 
minute variations may be made in the 
pitch of the holes ; in some cases this is 
necessary, as in the outside and inside 
plates of circular and cylindrical forms, 
where any two radii, or the direction in 
which the rivets are required to lie, will 
be less distant with the inside than the 
outside plate. By a scale M the work- 
man can obtain these small differences 
of pitch with the greatest facility, by 
turning the handle m^ it acts upon a link 
/ attached to the pall K, and, raising it, 
permits the carriage to slip over one 
tooth; of course, by fixing the move- 
able rack in a more diagonal posi- 
tion, the less will be the pitch of the 
punched holes. The table has a move- 
ment at right angles to the motion of 
the carriage along the railway, so that 
a double row of Imles may be punched, 
the distance between them being accu- 
rately preserved. 

When the punching of a plate has 
been completed, the carriage is driven 
along the railway to the cutting head- 
stock seen in fig. 17b; its general ar- 
rangements are similar to the punching 
machine; in this case the shde B car- 



ries a cutter c, and, when the plate is 
placed upon the edge of the cutter b, 
the former descends, and, acting like a 
pair of scissors, cuts the iron plate. 

By a contrivance in connection with 
the machine the punch can be instantly 
arrested, also it can act either in conjunc- 
tion with the plate-cutter or separately. 

5. Drilling Machine, — The common 
method of drilling small holes with the 
bow, although a very useful because 
simple mode, is inapplicable where great 
precision is required or large holes are 
to be bored in metal. The lathe is fre- 
quently made a drilling machine, either 
by fixing the tool in a chuck and driving 
it on the end U of the mandril (see fig, 
I), or putting the blunt end of the drill 
against the point of the spindle s in the 
moveable headstock, and driving it by 
the screw and wheel w against the work 
to be drilled, which is then put on the 
chuck. This manner of drilling is, how- 
ever, limited ; in some cases it would be 
inconvenient, in many more impossible 
to use the lathe for this purpose. 

For small work the portable drilling 
machine exhibited in the following dia- 
gram \s a neaV. aivd %\n\^le contrivance. 
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and may be driven by the liand. Upon the drill D is held. The tpindle and 
the bed A the standard or Terdcnl post drill are turned round by means or two 
5 firmly fixed, supporting two beac- bevelled wheels a b, the latter being 

" n which worked by the fly-wheel and handle E. 

To produce the requisite vertical [ 



ings C C for the drill-spindle, it 
Fig. 20. 



of the drill there is a small wheel c 
working the screw d on the top of the 
drill. spindle. This pretty little machine 
is made by Messrs. Nasmyth, Gaskell, 
and Co. 

A beautiful self-acting drilling and 
boring machine* is represented below 
Ofgi. 21, 22). A strong cast-iron 
frame A A is firmly bolted to the iron 
bed B, supporting the drill arrange- 
ments at the upper, and the moveable 
work table at the lower part. The drill 
is worked when the driving band is on 
one of the pulleys C, which are ar- 
ranged as in the lathe (described in 
page 73), for changing the speed ; at one- 

Fig. 22. 
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end of tlie spjnijic a bevelled wheel a 
\i fixed, gearing with another aimilar 
wheel 6 on tlie drill epiodle E. The 
coDtiivonce for producing tlie self-act- 
ing nropertj of thi» drill, or a donn- 
ward motion, as k botes the work on 
the table, consists of a screw S on the 
drill spindle, which works with a pair of 
worm wheels, one on each side of the 
spindle ; on the axes of these wheels 
there are two small pulleys dd, carrying 
en theii ciicumfeience a friction appara- 
tus composed of two pieces of iron c c; 
these embrace the pulleys d d, aad 
when pressed together will of course 
create considerable friction when the 

fiulleys revolve, tlie tightness of tlieir 
lold can be r«gulUcd by turning the 
rod and handle ee, at the upper end of 
which is a screw working in on inside 
bcrew cut in the friction piece* cc; the 
thread passing through the upper piece 
is cut in an opposite direction to that 
passing through the lower piece, so thut 
in turning the handle tlie straps are 
forced together or pushed asunder; the 
drill D may thus be pressed downwards 
with any required force, for if the 
wheels c were fixed, the spindle would 
descend through a space equal to the dis- 
tance between two contiguous threads, 
or the pitch of the screw Si if they were 
loose no motion would be given to the 
spindle, therefore when the handle e is 
turned and friction produced on the 
pulleys dd, the worm wheels do not re- 
volve freely, but push the spindle slowly 
downwards. The bevelled wheel b does 
not participate in this vertical motion of 
the drill spindle, as it would be put out 
of gear with the wheel a; it slid^ ver- 
tically on the spindle, but cannot re- 
volve on it because of a groove runjiing 



up the spindle, ioto wliich a key or 
feather catches. When the spindle and 
drill is required to be lifted from tile 
work, (he wheel F on tiie axis of the 

worm wheel is turned by the hand. 
The spindle is balanced bv ft weieljl 
and lever G. ^ '^ 

The upper part of the laLle H, sup- 
porting the substance to be bored, is 
capable of a lateral and a rotatory mo- 
tion ; the former is obtained by the screw 
I working through aDUtfixed underneath 
the tdble, and turned by tUe bevel wheels 
/g, and the handle i. The handle r 
produces the rotatory motion, by turn- 
ing a worm which acts on the wheel i, 
its aiis being connected with the under 
side of the table. The whole may be 
moved up or down at pleasure by the 
handle I, which turns the pinion I and 
the wheel I gearing with it, the spindle 
of this wheel carrying a pinion under- 
neath the table, working in the rack K; 
a ratchet wheel m and detent is provided 
to retain the table at any height to which 
it is raised, until the pinching screws n n 
are tightened, by which it b held in its 
place. 

6. W/ieel-cidliiig machine, — Manyme- 
chanical contrivances have been made 
for the purpose of cutting spaces in the 
circumference of wooden models and 
iron wheels, the general arrangements 
being a support on which the wheel to 
be cut is fixed, a cutter which can be 
pressed against the part to be cut nway, 
and some combination of wheels or 
other elements, by which the wlieel 
under operation can be moved round on 
its axis a distance equal to the pitcli* at 
each movement, to present new work 

The wheel-cutting machioe-f" repre- 
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senled in the following figures is so the under suiface of the lieadstock, and 
arunged lliat it might be used as a carries the wLieel W in which the teeth 
lathe if required. The bed-frame A A are to be cut. At one end of the bed- 
is of cast-iron, and carries on its planed frame the headstocii: D, in which the 
upper surface a a the headstock B,' cutter is fixed, slides on the planed sut- 
which is moved along the bed by a face of tlie bed b b transversely witli 
screw C, passing through a nut fined to respect to the motion of the headstock 

Fig. 24. 




B. The two principal parts in thia ma- 
chine are therefore the headstock and 
its adjustments for holding the wheel in 
vhich the teeth are to be cut, and the 
headstock for carrying tlie cutting tool. 

The former, B B, is provided with a 
set of cone pulleys E, and a speed ar- 
rangement F similar to that described in 
the lathe (p. 73). On one end of the 
cone shall there is a face plaie c, on 
wliich the wheel W is fixed; the oppo- 
site end of the shaft carries a large 
index-wheel G, working with a worm d 
on a shafl which has at one end the 
pinion e, this pinion gears with a wheel 
f, which communicates its motion to 
another wheel g. the latter and the 
pinion e being changeable aVpleasure, 
according to the number of teeth re- 
quired in the wheel W. The wheel g 
is on the end of a shaft which reaches 
the other end of the bed-frame, and is 
there turned manually by the handle x 
as the teetli are cut in the wheel. 

The cutter headstock D is moved 
alon^ its bed by tiie screw I, working in 
a nut fixed underneath the sole-plate or 
slide &i tlie upper part i of the slide is 
moveable on the surface of h horizon- 
tally, to allow the cutter slide-rest to be 
set at a convenient angle for cutting the 
teeth of bevelled wheels, the angle being 
measured by an index on the upper sur- 
face of the plate A. In the positioii 
shown in the drawing the cutter is ad- 



justed to cut the teeth for a spur-wheel. 
A slide-rest J is attached to the upper 
part of the headstock D, moving hori- 
zontally in front of it, or before the 
wheel; it is worked by the handle j 
and screw t, carrying the cutting tool T, 
which revolves rapidly by the action of 

Fig. 25. 
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of the spindle I in w'liich the tool ii 
fixed, and thence guided by the pulleys 
ni to a driving shafl in the wi^kshop. 
To cut screw-wheels or worm-wheels, 
the slide-rest J has a vertical motion by 
which it can be set at any required 
angle, which is indicated by an index o^i 
the he.idstock. 

The arrangement of the cutter shown 
in the above diagrams, aiHtftVa *vfe w*- 
thod aAo'pleA foi cvaVto^ ■Cat Vtt^ tii. 



MECHANICS. 



wooden whe«U or or pattenu; whm 
iron wheeli are to be worked, lite tlide- 
rest is fitted as in^. 26, the cutting lool 
T being a wheel with a periphery suit- 
able for leaving the teeth of a proper 
form. The driving band passei over a 
pulley n, on the same axis with the 

Fig. 26. 




bevelled pinion o, which works tile 
bevelled wheel p; on its axis, at the 
lower end, is a pinion g nliich gears 
.with a reducing-speed train of three 
wheels ; tiie axis r of the last of these 
wheels carries , at the upper end, a 
pinion working with a wheel on the 
cutlcr-spindle, which carries another 
wheel t to work a pinion behind it on a 
spindle which acts on the screw K, and 
produces the necessary motion of the 
slide J instead of using the handle j; 
this part of the machine is therefore 
liuiracting, the cutter T moving along 
as it cuts the tooth. Tlie olber move- 
ment — that of the wheel G and conse- 
quently the wheel W, the space of one 
tooth every lime the tool has cut one 
space — might, by a simple combination, 
ae made also self-acting. 

To use this machine, the wheel in 
which teeth arc to be cut is firmly fixed 
on the GOne-shnft, nnd change-wheels 
eg of a proper number of teeth, accord, 
ing to a tabic given, arc put on their 
respective shafts i the cutter is then set 
to work, and, when a space is cut, the 
handle f is turned in most coses once 
round, nnd the cutter oguio commences 

In adapting this machine to the pur- 
poses of n lathe, the headstock D is 
Kmoved and a proper slide-rest adjusted 
in its place, the remainder is then but 
a modification of the lathe; it will be 
seen from this that a lathe also umy 
be readily adapted to cut the teeth of 

', Ti* Primting AAkAjik.— This 



machine, for teltCT-nress printing, « as 
impTOvement on toe oi^nal manual 



the latter, with the assistance of two 
men, being on an average 250 per 
hour, havii^ an impression on one side 
only ; but, by the machine subsequently 
described, the mean produce is 1000 
sheets pet Eiour, printed on both sides, 
or eight times the former quantity, the 
manual assistance being supplied by two 
boys. The machines as arranged by 
Messrs. Applegaitll and Cowper, are 
tiiose generally used, with some slight 
modifications. Tlie principal features 
consist in the use of endless tapes, be- 
tween pairs of which the blank paper 
sheets are carried over large iron cylin- 
ders, which, in the course of a revolu- 
tion, press the sheets on the surface of 
metal types placed beneath, which have 
been previously covered with ink. The 
following illustration represents one of 
the improved forms now in use*. 

Tlie framing of the machine, A A, is 
of cast-iron, and supports three prin- 
cipal parts, — the table T, on wliicli tlie 
form of types to give the impression is 
laid -, the inkiiia apparatus a, b, e, dt 
and the suite ofcylinders, B', L, M, B. 
round which the sheets to be printed 
are carried by the tapes, including the 
feeding table K. * 

In the figure the form-table T is 
represented as being at the maximum 
distance traversed tuwiu-ds the end T of 
the machine, the nearer extremity being 
visible immediately above a pulley r 
and below the rollers □□; a number of 
pulleys r r form the support on which 
It travels. The Cable consists of two 
parts, the middle being appropriated to 
the reception of a pair of forms-|-, and 
the ends are provided with an even 
metal surface to form ink tallies. 

On the end of the shoit O, whicll 
passes underneath the machine, is fixed 
a bevelled wheel which gears with 
another bevelled wheel on an upright 
shaft at the top of which there is a 
pinion, catching in a rack somewhat 

* Constructed by Ucurs. Dryden and Co. 

i- A form ii ■ r<ttanga1>r iron frame (sailed 
a cHoHJ in wbjeh MTcnl pigea of types are 
placed, and made tight or " lo^ad up" by 




f similar to that in fig. 105 (Mocli., 
Treat. II. \i. 58) ; this rncli is utiatlied 
tQ the under side of tlie form-table '1', 
but is at lilierty to move laterally, 
because the piniou being a fixture os 
regards its pesitiou, when one end of 
the rack reaches it, a slight motion must 
of course take place in order to bring 
the other side of the rack in contact 
with the pinion. In order to retain the 
pinion in contact with the rack, its 
shafl having no bearing at tlie upper 
end, a amall pulley or wheel is tixed 
there, wbich pushes against a flange 
whose face is iipposite to the tooth of 
the rack ; the pinion is tliMS prevented 
(rom leaviug the rack ; the lateral move' 
ment of the rack is effected in a proper 
H wanner bj a kind of parallel ruler mo- 
Krtioiii so that both ends move simul- 
Bimeously, and an equal distance. 
^K The forms are tightened between the 
■.Aides of the table by pieces of wood 
called "furniture," and are inkod by 
two sets of rollers, one of which is seen 
at a a, and the other is placed in a 
similar position near the other large 
cylinder. These rollers receive tile 
ink at each traverse from the ink-table 
T, which fetches the ink from an ap- 
pSTgtus marked c, where a quantity of 
ink is kept in a box, and is allowed to 
come in contact with the roller c, which 
is turned slowly by means of a cord 
passing round the pulley d, and finally 
^^eaching another pulley on the axis of 
^^nie drum B, on the opposite side of the 



machine; as the under side of the box 
is made so as nearly to touch (he cir- 
cumference of the roller c, t!ie latter as 
it turns can carry away a small pordon 
of the thick pasty ink used in printingi 
beneath tile roller is another, invisible 
in the drawins, which receives the ink, 
and, being in contact with c, is made to 
revolve; this roller, however, is in a 
vertically moveable bearing, connected 
witli tlie small lever and rod e e, the 
latter beitig attached at one end to the 
bell-crank lever/, and as the upper arm 
of this lever is furnished with a small 
rod joining it, with an eccentric on the 
axis of the cylinder B, by the nature of 
an eccentric an up and down motion 
will be given to the lever / when the 
machine is in motion, and produce an 
alternate horizontal motion of the rod 
ee; by this means it may be seen that 
linally the roller in question will be 
moved up and down as the cylinder B 
revolves, and it is so arranged as to 
descend when the ink talile T arrives 
underneath. A quantity of ink is thus 
deposited on the ink table, but not very 
evenly distributed oit its surface, as it 
should be ; to cSbct this a series of 
small rollers b h are allowed to roll on 
the table as it returns, they work 
loosely in their bearings, being merely 
let down between the divisions of their 
carriages, which are seen in the figure 
in this state their under surface is eodm 
what lower thon the surface of tfea %i 
table, so \.\ia(. \.\\e \a\.\.cv \\&.^* 
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little as it meets them ; thus the rollers 
press with their whole weight on the 
table ; but this of itself would be insuf- 
ficient to distribute the ink : the rollers 
b are therefore not placed directly across 
the table, but somewhat diagonally, as 
may be observed in the drawing, which 
permits tliem to be pushed across the 
table while they revolve, as we might 
infer from the principle of the resolu- 
tion of forces. In this way the ink is 
very evenly distributed on the plate, 
which, as it prooeedf inward, transfisfs 
the iuk to the rollers 0«, to ink the 
printing types. The rotters a c, 6 5, 
and the unseen n^r below c, are made 
of a soft material, compooed of treacle 
and glue in soch proportions as to give 
the compound the consistence (^ caout- 
chouc. 

The iron cyliaders K B are supported 
by the framing A, and are adjustable at 



the proper Tertical position by screws 
at the bearings of their spindles ; each 
cylinder carries a large toothed wheel, 
that seen in the figure on the right hand 
gearing with a driving pinion o imme- 
diately beliind the fast and loose pulleys 
P, which connect the machine with a 
drum D on the driving shaft, by a strap 
G ; thus the whole of the upper part of 
the machine is driven by tue pouon o, 
as the two large wheeia are ia gear, and 
on the sjHncfle of the left hand cylinder 
B a toothed wheel F is fixed, which 
drives the pinion £ and the wheel L, 
the latter driving its companion M. 
The tiq»es / / retain the sheet in its 
place, while the cylinders B' B carry it 
downwards to receive an impression 
from the form of types. Their directioo 
of motion is better shown h^ the ac- 
companying diagram (^. 28); £ is 
called the entering drum, because the 



Fig. 28. 




sheets here enter between the tapes, 
the motion of the drum then carries the 
tapes and sheets round in the direction 
of the feathered arrows, over the drum 
L, underneath M, and over B ; when in 
the act of running up the inner side of 
the cylinder the tapes separate, and the 
sheet is thrown out ; the one series of 
tapes turn over a small roller x, pass 
outwards in the direction of the plain 
arrows, are carried over the small 
pulleys ^, and another small roller 
above the cylinder, to a roller above 
the entering drum E ; the other series 
of tapes are brought upwards to a 
number of small pulleys u>, whence 
they pass underneath the cylinder B' 
up to the pulleys 2, and thence under* 
the roller i to the entering drum E; 
these sheet holders pass over those 
parts of the sheet which form the 
margin, and are consequently un- 
— y 

* In the figure the tape should pass below 
the roller i. 



touched by the inked types. The 
tapes are adjusted to a sufficient degree 
of tightness by the pulleys y, z, their 
supports being screwed up in nuts rest- 
ing on a transverse bar. To enable the 
cylinders to effect a good impression a 
piece of woollen cloth called " blanket" 
is attached to that part of the drum 
which bears the sheet. 

The sheets of paper must necessarily 
be taken by the tapes at the entering 
drum so that they may meet the form 
at the proper place to receive an im- 
pression; and to effect this important 
matter a number of wide tapes called 
the web are placed on the table K ; they 
pass round the drum H and a small 
roller near the entering drum E; on 
this web the sheet of paper is laid. 
The spindle of the drum H carries a 
sector A, and wiper or lever /, the former 
gearing with the great wheel C, and the 
latter, being close to the face of the 
wheel, is struck by a pin p fixed to the 
wheel, driving it downwanls; the drum 
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then turns through a part of a revolu- the cyh'nders, brings the form of types 

tion by the action of the wheel on the first under the inking rollers, and then 

sector, and the sheet of paper is driven beneath the cylinder, to meet the sheet 

so far as to be caught by the tapes at at the proper place ; the latter, when the 

the entering drum £; tl>e drum is impression is made, passes, as before 

brought to its former position by means stated, over L and under M, reaches 

of a weight in the cylinder g, to which the top of the second cylinder B, and 

it is attached by a string q. is borne downwards to meet the other 

The drum M is a " registering" ap- form of type ; the impression being 
paratus, or a contiiviuice for making made on both sides, the sheet S is 
the sheet of paper which has received thrown out on the table and taken 
an impression under the cylinder B', away by another attendant, 
arrive at the proper time on the cy- The necessity for rapid printing which 
linder B to receive the impression on arises in working newspapers has led 
the other side. Although the forms of many persons to attempt alterations and 
type are placed in a proper position on arrangements in the machine, by which 
their table T, yet it is found that, in a a much greater number of copies could 
sheet printed off without any further be completed in the same time; the 
adjustment being made, the lines of print number of rollers for carrying the sheets 
on each side do not " back," and it may was increased to four, and they were 
be observed in printed bodis where this reduced to a smaller diameter ; the 
particular has not been attended to, if machine thus constructed prints one 
we hold a leaf up to the light die lead- side oialy, and gives about 4,500 printed 
ing lines at the top of the pages do not sheets every hour. In 1846, Mr. 
coincide or overlay each other ; in such Little patented a printing machine, 
a case the " register" has not been pro- which was to produce 10,000 copies 
perly effected. The drum is raised or per hour. This is the greatest rapidity 
lowered to effect this object by means of of production ever attempted pubHcly ; 
a worm w, working a pinion on tl>e axis to effect this the patentee uses eight 
of a screw which holds the bearing of cylinders, but in a manner very dif- 
the drum at one end, and by a similar ferent &om the usual method ; it ex- 
screw at the other end of the drum ; hibits great simplicity in construction as 
the handles of both movements are well as elegance in action, 
therefore worked at the side opposite to Up to the present time* the eight 
that seen in the figure. The imxBediate cylinder machine has been but once in 
consequence of any motion of these operation, and that for a short time; 
supporting screws is that the drum is one with four cylinders, upon the 
raised or lowered ; but it will be evi- same principle, having been some time 
dent, on reflection, that this will cause at work, we shall describe the arrange- 
the sheets to travel over a less or ments of that machine, which are 
greater distance at the particular end only different from the other in being 
affected, and its progress hastened or of smaller dimensions. The first figure 
delayed accordingly. This is a final exhibits a side view, and the second 
adjustment. a section with the tapes indicated by 

From the above description we be- dotted lines ; A A is the bed or frame, 

lieve the action of this beautiful ma- upon rollers attached to the inner side 

chine will be understood by every of which the ink and form table B B 

reader. A boy stands on the platform moves from end to end of the machine ; 

I, where he has the command of the immediately above the table are placed 

table or web K and the ream of damped four drums, C, C, C, C, for pressing 

paper R ; he takes a sheet from the pile the sheets of paper which they re- 

aiid places it on tlie web so that the ceive from the rollers above them on 

edge nearest R touches wooden stops the surface of the inked type. The 

attached to the web, and another edge, printing drums are supplied with sheets 

nearest liimself, touches a stop fixed to of paper from six different places, D, 

the table; as the wheel C turns, the pin D^, Dg. &c.f where a revolving bar or 

p strikes the wiper /, the sector falls in roller E descends at the proper time by 

gear, and the sheet is driven by the the action of a cam upon the larger 

stops between the tapes at the entering revolving roller D, taking hold 

drum; it is then carried downwards, 

while the table, moving in unison with * ■iJL^^^,\^V'^» 




edge of u sheet placed there by the 
attendant, and -pulling it between the 
tapes, which by their mOtioo carrf :t 
through the machine. 

The two extreme printing drums C, 
C„ and feeding drums D, are driren by 
two shafts, F, F, carrying bevelled 
wheels, the sliafta tliemselves being 



driven by another smaller shafl G in 
connection with the shaft H, on which a 
fuse and loose pulley is placed to hold a 
driving band. The two inner drums C, 
C, being driven by a rack on the vi- 
brating table, the inking rollers 1 1 
are placed between the printing drums, 
and receive ink from s part of tbe 
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moving table B, on which the ink is 
distributed bj' the mall rollers K K. 
The supply of ink is ellecced in a man- 
ner similar to other printing machines j 
the ink is placed in a trough I, at the 
bottom of wliicii a roller communicates 
a small quantity in its revolution to the 
roller underneath it. llie latter roller 
being pushed down by an eccentric 
motion so as to touch the ink table 
every time it returns to the end of'its 
travel. The alternate motion of the 
form and ink table is effected by a 



pinion and sliding apparatus similar to 
the coromon printing machine. These 
form the general features of the ma- 
chine ; its principal peculiarity con- 
sisting in the mechanism by which the 
two interior printing drums, C,, C^ are 
enabled to print a sheet both ways. Id 
the common fast machine two only out 
of tour drums printed each travel of 
the form table, the remaining two being 
raised) this was a necessary precaution, 
for it may be seen by ^. 29 that if a 
sheet entered at D'. passing between 




the tapes to the drum C, round it, aod 
up to the receiving box at J*, when the 
form returns the printing drum is use- 
less, as it can receive a sheet in one 
direction only ; it is therefore raised up 
by a cam : this difficulty is completely 
obviated in Mr. Little's machine, with 
respect to the drums, by the use of two 
rows of small drums L L. The tapes 
from the feeding drums pass round the 
upper row, as is shown in the (igure, 
and another set of tapes connect the 
lower row and the printing drums ; the 
latter combinarion is thus independent 
of the former, and the sheets have to 

Eass from one series of tapes to another 
efore they receive an impression. This 
allows the upper row of drums to be 
shifted, so that the tapes T may direct 
the descending sheet of paper on tlw 
proper (ide of the drums. In the figure 
the form-table B is supposed to be mov- 



ing in the direction indicated by the 
arrow, driving the lower part of the 
interior drum in the same direction; 
these drums will be fed with sheets 
from the drums D' and D', the printed 
sheet returning upwards by the tapes 
T* and T' respectively; but when the 
table returns the drums C C will be 
driven round their axes in the reverse 
direction, and they could not possibly 
be fed witli sheets, as in the former 
movement. The peculiar motion by 
which this difficulty is obviated is a 
ehiiling of the upper row of drums M, 
the width of a drum to the left hand 



! printing dnn C* ; 

__. ._ with lbs otbar i 

The traverse motion of tll« 
series of dramt U tSiVUA bj' * k 
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in connection with a horizontal cam ar- 
rangement anderneath the machine; 
one end of the lever being attached to 
the slide holding the drums, and the 
lower end to a small rod e {fig, 31) 
connecting it with a bar / which carries 
the rod g, a pin on one end of this rod 
rests against the cam N on the axis of a 



Fig.^\. 




spur-wheel driven by the pinion h in 
connection with the driving shaft H. 

The two extreme drums C C do 
not print both ways, as may be inferred 
from an inspection of the arrangements. 
In the motion indicated in fig. 30 the 
drum C is lifted up by a cam worked 
by the axis s while the form passes, the 
iirst impression being taken by the drum 
C^. Thus three print at each travel of 
the table. The small rollers k k are 
merely for the purpose of directing the 
tapes T, and keeping them tightly 



stretched; the lever N, the fulcrum of 
which is at the upper part of the ma- 
chine, and the lower end attached to 
the slide of drums M, serves to cany 
the rollers k k with a traverse motion 
to the movement of the drums M. A 
machine of this description is stated by 
the inventor to be capable of supplying 
6,210 sheets per hour. 

A printing machine has lately been 
erected in New York, which can supply 
12,000 copies per hour, it is caUed 
** Hoe's fast press," and works on the 
old principle of putting the columns of 
types on a large moving drum, around 
which several smaller drums are placed 
for carrying the sheets to be printed. 
(October, 1848). 



Chapter III. — Dynamometers, — Reg" 
nier*s, — The Friction Dynamometer, 
— Colladon*s Dynamometer. 

A DYNAMOMETER is, generally speaking, 
an instrument for measuring the relative 
strength or power of prime movers of 
machinery, and is therefore a very use- 
ful instrument, as it enables us to deter- 
mine the comparative powers of men, 
horses, and other animals, steam and 
water-wheels, as also the resistance of 
or power required to work, machines 
We shall here describe the most useful 
and interesting dynamometers which 
have come under our observation. 

I. Regnier's Dynamometer, — M. Reg- 
nier, at the request of Buffon and 
Gueneau, who wished to make some 
experiments on the relative strength of 
men of different ages, in different states 



Fig. 32. 
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of health, and of the different partis of 
the body, constructed a dynamometer 
very sei*viceable for such purposes*. It 
is represented in^g. 32, consisting of a 
steel spring A B, about twelve inches 
long, and of an elliptic form, to the 
upper branch of which is firmly fixed 
the scale C D, carrying a hand H, turn- 
ing on the centre E, and moving by the 
action of the lever L ; this lever it may 
be seen is attached at its other ex- 
tremity to the lower branch of the 
spring. Above the hand H is an index I, 
which points to the division on the scale; 
it moves somewhat stiffly over the face 
of the scale, so as to prevent its shifting 
from the point to which it is driven, or 
in fact to make it self-registering. The 
index is moved by a pin on the under 
side of the hand H. When the two 
sides of the spring are brought towards 
each other by either pressing them 
with the hands, or pulling at each end 
A B, the rod L L will push the hand H 
round its centre and move the index I, 
which will indicate on the scale the 
number of pounds' pressure exerted. 
This is a very good instrument, although 



it may be made of a more simple form ; 
from its portability (the original being 
about two-and-a-half pounds' weight 
only) it is a very useful dynamometer 
for m:easuring the strength of men and 
animals. 

The Friction Dtfnamometer, — The 
elegant instrument known by this name, 
or the brake, is the invention of M. Prony, 
who, by considering that if the friction 
necessary to use the whole power of any 
engine or prime mover could be measured, 
the power of that engine would be de- 
termined, constructed a dynamometer 
in which friction is made to use up the 
whole power or available energy of a 
moving power, and then measured ac- 
cording to the laws of friction. The 
following diagram exhibits the form of 
this dynamometer, as used by M. Morin 
in his researches on the power of water 
wheels. C C is a collar of iron 30.5 
inches internal diameter (which was 
sufficiently large to allow it to be put 
on the larger shafts), 1.2 inch thick in 
the middle C C {fig. 33b), and 6.3 inches 
broad, having a flange (shown in second 
figure) to prevent the friction band, 



Fig, 33 A. 
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Fig, 33 B. 




which moves upon it, from slipping off; 
the outer surface is truly turned, in 
order that it may be fixed 
concentrically with the 
shaft on which it is 
placed. This attachment 
of the collar to the shaft 
of the engine under ex- 
I c a periment is effected by six 
gJLJLs screws, b b b, having a 
J ^ thread cut for about ten 
inches of their length. 
When the collar is placed upon the 
shaft, its concentricity may be ensured 
by the screws, which take hold of the 
shaft, great care is taken with this 
operation, as it is a very important 
part of the experiment. When the shaft 

* Journal de VEcoIe Polytechnique. 



is of iron, and small, the collar must be 
mounted upon a tube of requisite size. 
As the screws are liable to be bent on 
account of their length, the collar is 
also wedged upon the shaft by pairs of 
wedges. Upon the collar is placed an 
articulated strap or band S S S, con- 
sisting of eight separate plates of iron, 
one-fifth of an inch thick and 3.94 
inches broad, jointed by pins of from 
one quarter to one-fifth of an inch in 
diameter; the curve allowed for this 
chain is somewhat greater than that of 
the collar, so that the angles formed at 
the joints of the plates hold the grease 
which is supplied to the collar and 
band, or any extraneous matter which 
may come between the collar and band. 
At the termination of this cVvokv \.'^^ 
stout V\a\f Wnka aie *^q\tv^^ vo \N\^ \iv3sJ«i 
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a a, which are 23.6 inches long and 1 .2 menter, to find whether the iDertit of 

in diameter. This description of chain the masses in motion exerts -any inflii* 

is preferred to a band of sheet iron, as ence on the results ; if the number of 

the pressure is more equal on the sur- revolutions be constant the motion' ii 

face of the collar. The bolts a a are uniform, and the power of inertia is 

screwed perpendicularly through the nothing*. 

lever A B, which is a piece of pine 7.9 The most effective velocity of a ma- 
inches square at the end A, and taper- chine may be experimentally determined 
ing to 5.2 inches at the end B. Be- by this instrument, by varying the lo«d 
tween this lever and the upper part of upon it from to tnat which will stop 
the collar is placed a cushion E made the motion of the machine, 
of hard wood, which presses upon the There is a limit to the capability of a 
collar ; a small hole being made through dynamometer of the size and propor- 
the cushion and lever to allow of the tions we have stated, for M. Mono 
collar being lubricated. At the end B found that, when well lubricated, there 
of the lever a scale-pan W is attached was an abrasion of the surfaces of the 
by the hook d, to hold the weights used rubbing parts when the friction amounted 
in experiment to measure the friction. to from 1 to 1.2 tons. Where a power 
In using this apparatus care must be is to be tried which would require more 
taken that the machinery to |^ tried is friction than is measured by one ton, 
in proper order, that the revo^rog parts the collar must be correspondingly in- 
work evenly. Tlie collar and band are creased in diameter, which would of 
then adjusted as is directed above, the course give the weight more leverage, 
lever being in a horizontal position be- Tiie calculation of the power given 
tween two cross-bars D D, which thus by a machine, as obtained by the use of 
prevents it from falling or being carried this instrument, is very simple, for sup- 
round when the axle of the machine pose the collar were fixed upon tne 
turns, which it would have a tendency shaft of a steam engine revolving 100 
to do; weights are then placed in the times per minute, the weight required 
scale until an equilibrium is obtained, to equilibrate it being 150 lbs., and the 
when the lever will assume a horizontal length of the lever 10 feet. The weight 
position, oscillating a little when any or ^rce resisted by the machine is the 
small variation occurs in the intensity of same as would be raised by a wheel 
the force exerted by the machine. The having a radius equal in length to the 
number of revolutions per minute made lever or L W (^g. 34), so that the 
by the shaft or spindle (or the collar of number of revolutions of |A axis A 
the brake) is counted by the experi- multiplied by the length L vV" 



axis 
of the 



Fig. 34. 




w 



* When the lever is in equilibrium, or when 
the weights cause the lever to be suspended 
in a horizontal position, the friction of the 
band and cushion consumes all the available 
power. If then we call 

P, the available power at any distance 

B, from the axis ; 

V = velocity of the circumference of the 
shaft ; 

F = firiction at the surface of the collar ; 

r = radius of the surface; 
"We shall have, the whole being in equilibrium, 

PR = Fr.orVv = F - v. 

R 



But in experiment a weight (W) is acting 
with a leverage / (or the length of the brake) 
to produce this equilibrating friction ; whence 

W / = F ?*, and therefore P » =* "W— v ; 

R ' 

and as — V expresses the line which would be 
R 

described by the point at which the weight ii 

suspended if it were given, we obtain the fbl- 

lowing rule : — 

The available power of the machine ii 

found by taking the product of the weight on 

ttie lever, and the path which the point of fiu- 

\)eiis\oii of the weight tends to describe. 
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leyer by the ratio of a circle to its dia- 
meter (or 6.2882), and the weight at 
the end W of the lever will give the 
working power of the machine in pounds 
raised one foot per minute. Thus, in 
the example we nave taken, the power 

IS— . 

lOOx I0X6.2832X 150= 1,042,480 lbs. 

raised one foot high per minute; this 
may be converted into horses' power by 
dividing it by 33,000 lbs., which is the 
common estimate of the power of a 
horse in raising a weight one foot high 
in a minute. In this way the power of 
the steam-engine is about equal to 31 J- 
horses. 

This effective and generally applicable 
dynamometer has been variously modi- 
fied by different observers; it is, or may 
be made for the experiments usually 
required, very portable, inexpensive, 
and a most useful piece of apparatus in 
practical mechanics. 



The dynamometer of M. Morin 
weighed 500 lbs.-, but so great a mass of 
materia] is not required. It is said that 
the whole apparatus (not including the 
weights used) may be made of not more 
than 30 lbs. weight for trying engines 
exerting a working force of not more 
than twenty horses' power, and at an 
expense of about twenty-five shillings. 

3. ColladofCs Dynamometer, — The in- 
strument which we have thus named is 
an application of the lever lately made 
by M. Colladon, of Geneva, for the 
purpose of measuring the power of 
steam-vessels. One of these instru- 
ments has been erected at the Royal 
Dockyard, Woolwich, which is of suffi- 
cient strength to experiment with steam- 
vessels having engines of 1000 horse- 
power*. It consists of a strong cast- 
iron fraifl^ A A, supported by a foot B, 
on which it is capable of turning hori- 
zontally, and which is firmly fixed to a 
stone flooring; upon this frame rests. 



Fig. 35. 




by a knife-edge, the bent lever C C, 
with its fulcrum at a; one end of the 
lever holds a scale D by a knife-edge 
bf while to the other is supported a pair 
of strong plates E, carrying between 
them the pulleys F, to which ropes 
from the steam-vessel under experiment 
are attached. This acts on the shorter 
arm of the lever hj a knife-edge c; the 
effective leverage is therefore shown by 
the dotted line, e and b being the extre- 



mfties, and a the fulcrum ; in the Wool« 
wich instrument ab is to a c as 5 to 1 
nearly, the lengths being respectively 8 
feet 11 inches, and 1 foot 9 inches. A 
parallel motion G G prevents the piece 
E fi*om moving out of the horizonal 
position when the ropes are being pulled 

* Througli the kindness of the Lords Com- 
missionerB of the Admiralty, we* are enabled 
to give a sketch of thift dyc»ssi<cnsA\«t. 



98 MECHANICS. 

by tne steam-yessel. The sustaining turn; both circles being dfyided into 
frame H is screwed to the frame A, a hundred parts — a decimal diTisioii, 
and also helps to support by the rod I which should be always made, where 
the lever C, the knife-edge of which at possible, in any measuring iDstrumeiit 
a is terminated by a small oval plate. By a spring catch the friction wheel can 
one end of which may be seen in the be raised at pleasure from the disc, 
diagram ; this carries a knife-edge, which A small portion of a clock-fece d k 
rests upon the stirrup of the suspending placed at one comer of the box, to 
rod I, so that the two knife-edges are show how lone the disc y has been re- 
in a vertical line. To prevent too great volving since tne commencement of the 
a play of the scale end of the lever, experiment. 

there is a stirrup and wedge J, by which In making an experiment with this 
contrivance the arm is allowed in expe- machine, the vessel to be tried is con- 
rimenting to vibrate but a few tenths of nected by strong ropes to the btock 
an inch. The stirrup-rod is fixed to an pulleys F, when the working parts of 
arm K, reaching from the frame A to a the vessel are ready ; weights are pro- 
short distance beyond the arm of the vided in the dynamometer house, and 
lever, and, turning upwards, terminates an indicator in the vessel, to show the 
in an horizontal position, and carries a effective force of the engines during the 
screw L to support a separate dynamo- time of the trial. When the dynamo- 
meter for measuring the extra weight of meter ropes are pulled tightly by the 
the long arm ofthe lever, which is several vessel, the whole power is put on, and 
hundred weight greater than that of the the scale of the dynamometer loaded 
shorter arm, and for obtaining a mean of with weights until the arm of the lever 
the oscillations of the lever during a is rather more than balanced; the screw 
trial. The rod M is for strengthening L supporting the box dynamometer is 
the long arm of the lever, and prevent- then worked by its handles, so as to 
ingthe possibility of a flexure. raise the box, and cause the spring t s 

The additional dynamometer N is to help in supporting the lever arm; this 

composed of two parts, not peculiar to operation is continued until the longer 

this instrument, — the spring s t which, arm rises from its bearing on the stirrup 

in bending or contracting, turns a small J and slightly oscillates, the wedge hav- 

axis carrying the hand which points to ing been pushed backwards to allow 

the scale e; and the disc / turned by requisite space ; the hand indicating the 

clockwork, turning by simple friction a pressure on the spring also oscillates, 

small horizontal wheel placed before it, and the small friction wheel is pulled 

whose axis works in a bearing g attached downwards from the centre of the face 

behind the disc to one side of the wheel which it touches, partaking of 

spring. the oscillating motion ; the clock-work 

The hand which revolves before the having been set going, an observation is 

scale e, as the spring moves, passed over made for two or three minutes of the 

a series of divisions expressing pounds' dynamometer on shore and the indicator 

weight, the scale being marked from in the vessel simultaneously, when the 

to 1200 lbs. machine is stopped, and the number of 

The small horizontal friction wheel, divisions through which the little hand 
supported by the frame g, being in con- on the dial is connected with the friction 
nection with the lever, will of course wheel will show the revolutions made 
descend as that bends, from its position by the wheel during the two or three 
in which it touches the centre of the minutes ; as the disc / turns once in a 
disc /, where it is unmoved although minute, we can find the mean distance 
the disc may be turning by the action of at which the friction wheel should have 
the clock-work; in proportion as the been from the centre to revolve the 
wheel is drawn downwards, it will be observed number of times ; then it can 
turned more rapidly by friction with the be readily found, by means of the hand 
disc*; it is in connection with a small pointing on the scale e, the pressure 
clock-scale h for showing how many required on the spring to pull the fric- 
turns it has made during any time of tion wheel to the mean distance found; 
revolution, and a scale upon its own and thus the mean tension on the spring 
circumference indicates the parts of a >s obtained in pounds' weight. 
By this instrument, it must be under- 

* S«e page 66 of the present treatise. stood, the power exerted by the naddlei 
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with a kaown expenditure of steam- 
power is ascertained Tor a vessel in still 
water and not in motion i it indicates 
no inferior or supeiioi steaming qualitiea 
in the vessel tried. If the power of 
two steam-vesselg were thus r^stered 
and found to be equal, it would not 
follow that the vessels would be equallj' 
available for serviee witb respeet to 
their locomotive power. Again, the 
power measured by this dynamometer 
must not be supposed to exhibit the 
force exerted by the paddles when the 
vessel is in motion, for the paddles in 
the experiment work at one spot and 
create a current, the direction of which 
is the same as that of the revolving 
paddles ; when one paddle-board strikes 
the water. It pushes the fluid before it, 
and would create a space behind it filled 
with air but for the surrounding water, 
which rushes after the paddle-board ; 
the descending paddle-board, therefore, 
strikes the fluid which is moving in the 
same direction ; and the velocity with 
which the water moves is a quantity to 
be subtracted from that of the paddle- 
board, to find the true cfiect in water at 
rest. With vessels in motion this does 
not occur to so great an extent; owing 
to the inertia of the fluid, the vessel is 
propelled by the action of a paddle- 
board, and the next meets the water in 
advance of the former paddle-board ; 
the water in this case is not obliged to 
rsiMdIy travel afler the paddte-board, and 
would not do so at all but for the una- 
voidable ittp of the paddle. 



Friction. 

In the course of our remarks on motion, 
we have necessarily had to mention the 
powerfully retarding influence of friction 
on a moving body. The subject is one 
of very great practical importance, as no 
problem in practical mechanics, relating 
either to locomotive bodies or the equi. 
librium of any combination of solid ma- 
terials, can be solved without taking into 
account the power of friction. A trea- 
tise upon this subject has already ap- 
pe^ed*, in which the investigations of 
Coulomb and Vince are detailed at some 
length; since the time when these phi- 
losophers conducted their experiments, 
the same inquiries have been entered in 




• llKhuici, Tluid T 



by G. Rennie, N. Wood, and Anhui Uf 
rin, the lait experimenter, with the lit 




of confirming tbe retuhi simoiuieed by by leveral philoaophen, espednDf ho- 
Coulomb, which had been quMtioned feivor TinM. who, it vUl be Men fo 
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a preceding treatise*, obtained results box along the bench. Beneath the 

different from those stated by Coulomb, sliding box D, and attached to the bench, 

more in consequence of the Yiew which is placed a small bent lever d c e^ one 

he took of the subject than from the end of which presses upon the iron heel 

actual discordance of his experiments h^ fixed to the under side of the box D, 

with those of Coulomb. the end d carrying a box of weights/; 

The experiments of M. M orin and this was used as an additional force to 

Mr. G. Rennie were made with respect give the starting motion to the box D» 

to the pressure, relative velocity of mo- It acts so long as the end e of the lever 

tion, and extent of the surfaces in con- is in contact with the heel h, or until the 

tact, both with and without unguents. arm d c comes in contact with the stop 

We shall first describe the beautiful t ; while the arm e pushes against the 

arrangements which M. Morin made for heel h, the force will be uniform, as that 

his experiments, and then state his re- part of the arm which touches the heel 

suits, with those of Mr. G* Rennie. is curved, and thus preserves the point 

The apparatus used by M. Morin is of contact at an equal vertical distance 

one capable of giving very accurate re- from the plane of the fulcrum c; also 

suits, and in its general principles most the weights in the box / are suspended 

useful for all researches respecting mo- from an arc of a circle whose radius is 

tion and forces ; it may be justly termed equal to d c, and by that means act with 

self-acting, as the results of any trial are a uniform force whether the lever is in 

registered by itself. The following dia- a horizontal or inclined position. In 

grams will explain the construction, with some of the experiments, this lever was 

the subsequent description f* dispensed with, a slight push being suf- 

A A A A, are beds of oak, about a ficient to give an initial velocity to the 

foot square in section, fixed in a truly sliding box. To prevent any lateral 

horizontal position, at a distance from motion of this box when an experiment 

each other of 2^ feet, which forms a was made, a sort of tail or long rod R 

bench for the sliding apparatus ; upon (Jtgi- 1 and 2), was fixed behind it, 

these beds the pieces C C are tem- which ran between rollers ; this, how- 

porarily fixed, holding the body whose ever, was found insufficient when ex- 

nriction is to be tried, some of which perimenting with unguents ; and the su- 

is placed on the under side £ £ of the perior contrivance shown in Jig. 3 was 

sliding box D D. lu experimenting, adopted : A A are the oak beds seen in 

bullets were used as the moving power, section, D being the sliding box, under 

A table F F is fixed between the four which were fixed two pairs of wheels 

uprights B B, to support the pully H^ a, a; these were adjusted so as to allow 

over which the cord I . passes. This a play of about an inch between them 

cord is attached at one end to the slid- and the sides of the bed. These wheels, 

ing box, and passing over the puUy at rotating about very small axles, were 

the other end to the box K, in which found to produce no noticeable friction 

weights are placed to drag the sliding during the experiments. 

Fig. 3. 




* Hechanioi, Third Treatise^ art. 11, et s^. 



t DC^moiret de llnttitut, 1883. 



102 



MECHANICS. 



The box is stopped without concus- 
sion by two springs L L {fig, 2), which 
are Bxed by bolts to the uprights. 

These arrangements form the common 
part of the apparatus; but it was re- 
quired to measure the effort exercised 
by the descending weight during the mo- 
tion, and also to note the spaces run 
during a certain time of motion. It is 
this part of the machinery which pos- 
sesses so much merit on account of its 
completeness and elegance. The dyna- 
mometer, or instrument which measured 
the force acting on the moving box, will 
be understood with the aid offigs. 4 and 
5, in which S S, ss, represent a com- 

Fig.4. 



tremity of the beds, and the other end 
is stretched by the small weight k 
(fig, 2) : the thread is thus prevented 
from slipping over the pulley, when the 
latter is carried with the sliding-box 
along the bed. Fig, 6 exhibits in a 

Ftg. 6. 





pound spring of cast steel, composed of 
two branches, that nearest the box D 
being held by a fork fixed to the box, 
and the other branch S S by a hook J to 
the cord I ; by calculation, the greatest 
thickness of each piece of steel required 
in order that it might bend to the extent 
of three feet with a pressure of 205.51b., 
was found to be nearly two-tenths of an 
inch. The ring r, by which the weights 
afiect the spring, is fixed in the centre 
of the branch by screws ; attached to it 
is a small tube, holding a pen p, the point 
of which, as may be seen in figs. 5, 6, 

Fig. 5. 




rests upon the plate mm; this plate is 
circular, moving freely on an al^is, which 
is supported by the adjusting screws c c. 
Underneath tne plate and on the same 
axis is fixed the puUy P P, with a thread 
/ passing once round it ; one end of the 
thread is attached to the right-hand ex- 



more distinct manner the important 
part of this apparatus. By this con- 
trivance the circular plate m is made to 
revolve. A sheet of paper is fixed upon 
this plate to allow the pen p, which is 
previously supplied with Chinese ink, to 
draw a line upon it : if the spring were 
not stretched at all, the line described 
would be circular; but as the spring 
bends the pen will mark a corresponding 
deviation from the circular line, and the 
amount of this deviation is the measure 
of the flexion of the spring, or of the 
pulling force of the weights on the slid- 
ing box ; again, as the plate revolves 
while the box is moving, the variation 
in the deviation of the line, or curve 
drawn from the circular, indicates the 
varying intensity in the action of the 
force on the spring. The curve thus 
drawn on the paper was denominated 
by M. Morin the curve of tensions. 

The other self-registering apparatus 
was to determine the spaces moved by 
the sliding box in regular intervals of 
time, or the law of movement. It was 
placed in connection with the pulley H 
(fig. 7). On the same axis with the 
pulley H is a smooth plate of metal 
V y, fixed firmly to the axis by a 
screw V, which pressed it tightly against 
the broad shoulder formed on the end of 
^he axis, the vertical face of which was 
truly turned. Opposite to this plate the 
wheel w^ carrying a pen p, turns on an 
axis which passes into the box W; a 
simple clock train is contained in the box, 
by which the wheel and consequendy 
the pen is made to revblve with a uniform 
motion. In the use of the instrument it is 
most important that the wheel w be per- 
fectly parallel to the plate V V; unless it 
is so, the pencil will not mark during the 
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whole time of its revolution. The box 
W U supported bj' an aiis X on two 
posts R. standing upon their feet i/, 

which are fiied lo the sliding table / 
by screws ; in the foot of one of these 
posts, the hole through which the tight- 
ening screw passes is lengthened into a 
slot or slit, BO as to allow of the foot 
being pushed backwards or forwards for 
a horiiontal adjustment of the clock 
case; the case has a Tertical rotation 
upon its axis X, and the wheel to is ad- 
justed truly perpendicular by the screw 
k, working through a fixed nut, and in 
the lower part of the box ; a spring la 
also fixed to the nut, and presses against 
the box to insure the steady movement 
of the box when the screw is turned ; 
the parallelism of the pencil wheel W 
and the plate V V being accurately ef- 
fected by these arrangements, the table 
/, carrying the box and pencil wheel, can 
be movetT towards the plate V V by the 
■ciew A so that the pencil p, when 
moved, may make a mark on the paper. 
Each of these lelf-registering instru- 
ments draws curves, by which is shown, 
in the first, the tension of the spring 
during the motion of the box D i in the 
second, ,the lime of motion, and the 



space moved through during each poT< 
tion of that time, — that is, the rate of 

motion 

The following diagrams exhibit the 
manner in which the curves are drawn 
by the instruments in one of the ex. 
perimenls on the friction of oak upon 

Fig. 8 a ia the curve of the dynamo- 
meter attached to the box D, the lines 
drawn from the centre of the circle to 
the curve traced representing geome- 
trically the tension of the spring at those 
points. In the second &. 8 a, the curve 
IS set off, the base line A B, in geome- 
trical language called' the abscissa, re- 
presenting the space described dunnff 
the time the curve is drawn, and vertical 
lines (or ordinates) as C D, the tension 
of the spring. 

In ;^. 9 & is shown the curve drawn 
by the registering instrument for deter- 
mining the rate of motion. The pen p 
in connection with the clock-work in 
the box W is allowed to describe a 
circle, which, in the experiment we have 
mentioned, was done in two seconds; 
and the circle thus drawn was divi' 
into ten equal parts, and through tl 
dotted circlet «nc &t».'«a, cnuv 





U placed; the circle A is callea the through which the dotted i 

circle of departure, the curve traced drawn, as 1-1, 2—2 ; when the whole 

while the machine is in action, com- ten points are used, and the train atill 

mencing at a point in this circle. This continues its motion, the numbers go <hi 

curve is shown by the darket lines ; the increasing ; thus, the cnrve is marked 10 

points where it ineets the dotted circles at the point where it again touchei the 

successively being numbered the same circle drawn through on the drde of 
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deputure; but, at ^e modon continues, 
the Deit pcHDt will be where the curve 
touches the circle draim through 1, it 
will then be counted 11. Near the point 
mariied IS, the curve suddenly &lfa to- 
wards the centre of the paperi and 
tinall]' into a circle similar to the circle 
of departure; this is when the box is 
arrested. 

To show the manner in which this 
curve is used, we. may take the point 2, 
from which a line is drawn to the centre 
of the concentric circles; this part of 
the curve will have been delineated in 
the same time as the pencil would hare 
drawn the part of the circle of departure 
0-2, and the disc (and pulley) will have 
described the angle 2 c 2, indicated by 
the hues drawn. Then, as the diameter 
of the pulley H and the thickness of the 
cord I IS known, the mean drcuniference 
can be found. In the experiment we 
are considering, the mean diameter of 
the pulley and cord was 4.37 inches, the 
circumference is therefore 3.1415+*-37 
^13.73 inches, and each degree of this 
circumference is equal to —^=.038. 
Having thus obtuned the value in inches 
of each degree of the disc, we can find 
the value of the angle 2c2, or the dis- 
tance travelled by the friction box D, 
while that angle was described. On 
measurement, the angle 2c2 was found 
to be fiS^.S, whence the space run bv 
the box in the (fA of time during which 
it moved is 5«.3 -|- .038 = 2.1394 
inches. 



This process may be applied in suc- 
cession to each numbered point of the 
curve; and, as the time in which the 
pencil revolves Is known, the time of 
moving, as well as the distance moved 
by the box, is registered, and a table 
may be formed of them. Then the 
spaces being taken to form the abscissa, 
and the times the ordinates, a curve 
may be drawn through the extreme 

Kints of the ordinates, indicating the 
r of movement or the velocity ; as the 
bos was moved by the constantly ac- 
celerating force of gravity, it was inte- 
resting to find whether the curve traced 
indicated a constantly accelerated motion 
of the box, as that would prove that the 
amount of Aiction was unafiected by the 
velocity of motion of the rubbing sur- 
faces. The curve required is a para- 
bola, as in that conic section the squares 
of the ordinates are to one another as 
their corresponding abscissic; and it has 
been shown, in a previous treatise*, that 
in falling bodies the spaces described are 
as the squares of the times of describing 
them i thus, if the curve which the line 
drawn through the extremiries of the 
ordinates he a parabola, it will show that 
the fricdon is independent of the velo- 
city. In order to determine this point 
easily, M. Morin made use of a theorem 
of Maclaurin, which is, that if one side 
of a square passes through the focus F 
(^. 9 e) of a parabola, and meets the 
tangent A T at the origin of the para- 
bola, the adjacent side will be a tan- 
gent to the parabola. When the curve 
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had been drawn through the extremities ratus M. Morin was enabled to eiqperi- 

of the ordinates, a number of tangents ment upon a great number of substaneei 

were drawn to the curve, all meeting used in the arts, and deduce seyeral lawi 

the tangent A T, and, on perpendiculars relating to the friction of bodies in mo- 

to them being drawn, it was found that tion one upon another ; in his ezperi- 

they constantly cut one another in the ments on the friction of oak moving upon 

point F, and demonstrated mechanically oaks, for example, the results which be 

that the curve was a parabola. obtained from four trials were as fol- 

With this complete and elegant appa- lows : — 

TkT- ^f nw^^. Surface in contact. Preasure. Friction. Ratio of Prieticm SiSS?!? 

NaofExper. iquareftet lba.av. Ite-av. toPieaiuxe. ?twl£ 

1 2.79 295. 141.1 .477 ?5& 

2 2.79 970.4 466.4 .480 1.34 

3 0.94 120.5 56.9 .472 4w92 

4 0.03 604. 72.9 .484 a47 

Comparing the figures thus given by termining the friction of quiescence do 

the experiments, we may observe that not so closely agree with the general 

there is little difference between the laws. 

amounts in the fifth column, the mean Mr. Rennie carried on his ezperi- 

of them being 0.478 ; this quantity is ments with a much greater insistent 

called the coefficient of friction, and, to pressure than that used by M. Morin, 

find the friction of two pieces of oak indeed so far as to reach the limits ojf 

moving one upon another under any pres- abrasion. In one experiment he tried a 

sure, we multiply the pressure by this weight uf 10 tons per inch on hardened 

coefficient. As this coefficient or ratio steel, which abraded under so great a 

appears to have nearly the same value pressure. From a number of trials with 

notwithstanding the variation in the different substances, such as leather, 

pressures — from 120 lbs. to 970 lbs. — we cloth, ice, wood, stones, and metals, 

may justly infer that the friction is pro- he drew the following conclusions: — 

portional to the pressure ; again, we find 1 . With fibrous substances (such as 

that the ratio has not altered although cloth,) friction is increased by sur&ce 

the surface used in the first trial was so and time, and diminished by pressure 

much greater than in the last, whence it and velocity. 

appears that extent of surface in action 2. With harder substances, such as 

does not affect the amount of friction ; woods, metals, and stones, and within 

lastly, on comparing the velocity column the limits of abrasion, th'e amount of fric- 

with the ratio, it exhibits no connection tion is as the pressure directly, without 

<it all with the small variations in the co- regard to surface, time, or velocity, 

efficient of friction, and evidently does 3. With dissimilar substances gliding 

not afiect it. From very many similar against each other, the measure of fric- 

experiments, he determined — tion will be determined by the limit of 

1. That the friction is constant and abrasion of the softer substance, 
proportional to the pressure. 4. Friction is greatest with sofl, and 

2. That it is independent of the ex- least with hard substances. 

tent of the surface in contact. The friction of substances, when the 

3. That it is independent of the ve- rubbing surfaces are covered with an 
locity of motion. unguent, as tallow or oil, has been tried. 

It will be seen that these laws were and from the numerous experiments of 
stated by Coulomb ; but they were not M. Morin it appears that the friction in 
entitled to so great confidence as in the this case does not vary in amount ac- 
present case, on account of the want of cording to the substance used, but to 
uniformity in the results which he ob- the nature of the unguent ; it varies also 
tained. with the quantity of the unguent be- 
Other general laws of friction have tween the rubbing surfaces ; when hog- 
been also fully established by the ex- lard and olive- oil were interposed so as 
periments of M. Morin and other philo- to form a very thin continuous stratum, 
sophers. It has been found that the between the -surfaces of wood sliding on 
friction of moving bodies, and that of wood, metal on^ metal, and metal on 
bodies at rest, are subject to the same wood, the proportion of the friction to 
laws, although the experiments which the pressure is between 0.07 and 0.08. 
have been made with the view of de- With tallow the same value for friction 
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was obtained, except in the case of represent the relative force in each of 
metals sliding on metals, when the the directions AD, EC; now the 
mean friction was found to be 0.10; by body B will or will not slide on the 
which it appears that tallow is not so plane according as the friction produced 
well adaptea as an unguent for metals by the weight B is less or greater than 
when sliding on or against metals as the the force F C, acting along the plane ; 
two former substances. the conditions upon which the equili- 

A very useful consideration arises brium of the body T> depend are there- 
from the principles of friction, namely, fore t^o — the magnitude of the angle 
the limiting angle of resistance, or the E C P, and the friction of the sub- 
angle at which a body pressing on stance, and, as the relative friction of 
another will begin to slip. Suppose the same substance will not vary when 
the body B (Jig. 10), be placed on the the angle E C P varies, it is obvious 
inclined surface A D, it will press by its that there must be some angle at which 
weight on the direction P C, while the the friction brought into action by the 
plane resists in the direction C E ; re- pressure E C will be less than the mov- 
solving the force P into two, one in the ing force F C ; and the body will com- 
direction of the plane's resistance or mence sliding ; ■ the angle at which the 
C E, and the other parallel with the two forces become equal is called the 
surface of the plane or F C, by the limiting angle of resistance*. 

^Ig^ IQ^ The same general laws are found to 

* SLippiy in the friction of axles upon their 

bearings. This subject, of so much 
interest in machinery, was also investi- 
gated by M. Morin, with a suitable ap- 
paratus. From his experiments he con- 
cluded that for axles of iron and cast 
iron in cast-iron or brass bearings, when 
lubricated with oil, hog-lard, or tallow, 
principle of the parallelogram of forces, the relation of the friction to the pressure 
the lines F C and E C will respectively is the same as in the following table: — 

F 

P 

When continually lubricated 0.054 

Lubricated in the common way 0.070 to 0.080 

A little unctuous, dry or wetted with water .... 0.140 to 0.160 

These results are similar to those oh- from his experiments on the friction of 

tained in the experiments on plane sur- plane surfaces, — in the first series, when 

faces sliding upon' one another. When they have been some time in contact, 

water was used to moisten axles which and in the second series, where the sur- 

had been greased, the relation of the faces are in motion one upon the other, 

friction to the pressure was found to be In the experiments for tne purpose of 

more constant for a length of time,- the ascertaining the values given in the first 

water keeping the lubricant cool, and pre- series of tables, the same general laws 

venting its expulsion. were found to hold as in the friction of 

The following tables give the most motion, although in some instances there 

useful results obtained by M. Morin, was considerable disagreement. 



* Let tbe force P 0=?, tbe angle E C P dace it to 
Bflt, and/ the coefficient of friction, tben the tan. «=»/, 

force in the direction E C is P. cos. a, and in or the tangent of the angle of resistance is equal 

the direction A D, P. sin. a, the limiting angle to the coefficient friction of the substance ; 

of resistance is obtained ^ hen ^om this the angle may be readily found. We 

P. sin. »—/ P. cos. « ; are indebted to the Rev. H. Moseley for bring- 

if we divide this equation by P. cos. », we re- ing the subject into notice. 
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I. — FaicTioK OF Plans Surfaces, when they have been flome 



time in contact 

Liirit- 



SuiftoM in contact 



Oak upon oak 



Oak upon elm 
Ekn upon oak 



Ash, fir, beech, and service-tree, 

upon oak 
Leather (tanned) upon oak . . 



Black dress- 
ed leathers 



(for straps) 



^ Upon plane sur- 
face of oak 
Upon round sur- 
face of oak 



Hemp matting upon oak . 

Hemp cord upon oak 
Iron upon oak .... 



Brass upon oak 

Copper upon oak 

Ox-hide upon cast iron (as for 
pistons) 

Black dressed (or strap) leather 
upon cast iron pulley 

Cast iron upon cast iron . . . 

Iron upon cast iron .... 

Oak, elm, yoke elm, iron, cast 
iron, and brass, sliding in pairs 
upon each other 

Calcareous stone upon calcare- 
ous stone II 

Hard calcareous stone (mus- 
chelkalk) upon calcareous 
stone 

Brick upon calcareous stone . 

Oak upon ditto 

Iron upon ditto 

Muschelkalk upon muschelkalk 

Calcareous stone upon muschel- 
kalk 

Brick upon ditto 

Iron upon ditto 

Oak upon ditto 

Calcareous stone upon calcare- 
ous stone ^. 



Dispotition of 
fibm. 

Pftrallel . . 
Ditto . . . 
Perpendicular 
Ditto . . . 
Vertical upon 

horizontal 
Parallel . . 
Ditto • . . 
Ditto . . . 
Perpendicular 
Parallel . . 

Leather flat . 
Sideways . • 
Ditto . . . 

I Parallel . . 

y Perpendicular 

Parallel . . 

Ditto 

Ditto 

Ditto 

Ditto 

Ditto . . . 

Ditto . . . 

Flat, or side- 

wajTs 
Ditto . . . 
Flat 



. • • 



• • . 



. • . 



... 



... 



Ditto . . . 



Wood, endways 



Lubriomt. 

None. . . . . . 

Rubbed with dry aoap 

None 

Water 

None 

Ditto 

Ditto 

Rubbed with dry soap 

None 

None 



of flric^ 
tiott to 



Ditto 

Ditto 

Wetted with water 



0.02 
a44 
054 

a7i 
a4d 

0.38 
0.69 
0.41 
0.57 
0.53 

0.61 
a43 
0.79 



None 
Ditto 



Ditto 

Wetted with water . 

None 

Ditto 

Wetted with water 

Ditto 

None 

Wetted with water • 

Oil, tallow, or hog-lard 
None 



0.50 
0.87 
0.80 
0.62 
0.65 
0.65 
0.62 
a62 

0.12 
0.28 



Wetted with water 
Nonef . . . . 
Ditto 



Tallow . . . 
Oil or hog-lard 

None . . . . 



038 
016 
0.19 

0.10| 
0.15§ 

0.74 



Ditto 



Ditto 

Ditto 

Ditto 

Ditto 

Ditto 



0.75 



0.67 
0.63 
0.49 
0.70 
0.75 



Ditto 0.67 

Ditto 0.42 

Ditto 0.64 

With a layer of mor- 0.74 

tar (of three parts of 

fine sand, ana one of 

slacked lime) 



SI'' 49 

33 45 

28 22 
35 2S 
23 16 

20 4B 

34 37 

22 18 

29 41 
27 56 

31 2S 

23 16 
38 19 



0.74 36 30 



047 25 11 



26 34 

41 2 

38 40 

31 48 

33 2 

33 3 

31 48 

31 48 

6 51 

15 » 



20 

9 

10 

5 
8 

36 
36 



49 

6 

46 

43 



80 
52 



33 50 

32 13 
26 7 

35 

36 58 

33 50 
22 47 
32 38 
36 30 



* This column is taken firom Mr. Moseley's 
work, before referred to. 

f The surface retaining some unctnosity. 

t When the contact has not continued long 
enough for the expression of the tallow. 

§ When the contact has lasted a sufficient 
time for the lubricant to be expressed and 



bring the sur&ces to an unctuous state. 

II The stone used in these experiments was 
a soft stone from Jaomont, belonging to the 
great oolite formation, of a yellow colour, and 
tolerably homogeneous, weighing 186 lbs. per 
square foot. 

^ After a contact of firom 10 to 15 minntea. 
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II. — Friction or Plane Shetacbs, moving one upon another. 



Surfiices in contact. 



Oak upon oak 



Elm upon oak 



Ash, fir, beech, wild pear-tree, 

and service-tree, upon oak 
Iron upon oak 



Cast iron upon oak .... 



Copper upon oak 

Iron upon elm 

Cast iron upon elm .... 
Black drc s Bcd leather upon oak 
Tanned leather upon oak . . 



Tanned leather upon cast iron 
and brass 



Hemp in threads or in cord, 
upon oak 



Oak and elm upon cast iron . 
Wild pear-tree upon cast iron • 

Iron upon iron 

Iron upon cast iron and brass . 
Cast iron upon cast iron and 
brass 

r upon brass . . . 
Brass . • < upon cast iron . . 

C upon iron • • . 



Disposition of 






Relation of 
friction to 


angle of 


fibns. 


Lubricant 




pressiue. 


resistance. 


Parallel . . 


None . . 


. . 


0.48 


25° 


39' 


Ditto . . 


Rubbed with dry 


0.16 


9 


6 


Perpendicu- 
lar 
Ditto . . 


soap 
None . . 


. . 


0.34 


18 


47 


Wetted with 


wa- 


0.25 . 


14 


3 




ter 










Vertical up- 


None . . 


. . 


0.19 


10 


64 


on hori- 












zontal 












Parallel . . 


Ditto . . 


• . 


0.43 


23° 


17' 


Perpendicu- 
lar 
Parallel . . 


Ditto . . 


. • 


0.45 


24 


14 


Ditto . . 


. . 


0.25 


14 


3 


Parallel. . 


None • . 


• . 


0.36 to 0.40 


20° 


to 22' 


Ditto . . 


Ditto . . 


. 


0.62 


31° 


48 


Ditto . . 


Wetted with 
ter 


wa- 


0.26 


14 


35 


Ditto . . 


Rubbed with 
soap 


dry 


0.21 


11 


52 


Ditto . . 


None . . 


• • 


0.49 


26 


7 


Ditto . . 


Wetted with 
ter 


wa- 


0.22 


12 


25 


Ditto . . 


Rubbed with 


dry 


0.19 


10 


46 


Ditto . . 


soap 
None . . 




0.62 


31 


48 


Ditto . . 


Ditto . . 




0.25 


14 


3 


Ditto . . 


Ditto . . 




0.20 


11 


19 


Ditto . . 


Ditto . . 




0.27 


15 


7 


Flat or side- 


Ditto . . 




0.30toad5 


17° 1 


to 19° 


ways 
Ditto . . 


Wetted with 
ter 


wa- 


0.29 


16» 


IV 


Ditto . . 


None . . 


• • 


0.56 


29 


15 


Ditto . . 


Wetted with 
ter 


wa- 


0.36 


19 


48 


Ditto . . 


Unctuous, 
wetted witb 
ter 


and 
iwa- 


0.23 


12 


58 


Ditto . . 


Oil . . . 




0.15 
0.52 


8 
27 


32 


Parallel. . 


None . . 


• • 


29 


Perpendicu- 


Wetted with 


wa- 


0.33 


18 


16 


lar 


ter 










Parallel. • 


None . . 




38 


20 


49 


Ditto . . 


Ditto . . 


• . 


0.44 


23 


45 


Ditto . . 


Ditto . • 


• • 


0.44* 


23 


45 


Ditto . . 


Ditto . . 


• • 


0.18 


10 


13 


... 


Ditto . • 


• • 


0.15t 


8 


32 


• • . 


Ditto . . 


• • 


0.20 


11 


19 


... 


Ditto . . 


• • 


0.22 


12 


25 


... 


Ditto . . 


• . 


0.16t 


9 


6 



* The sni&ces wear when there is no lubricant 
f The Barfi^es retaining a little unctuosity. 



no 
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Surfiuiet in contact. 



DUpotitiooof 
fibm. 



Oak, elm, yoke elm, wild pear- 
tree, cast iron, iron, steel, and 
brass, sliding in pairs upon 
one anotber, or themselyes ^ 

Calcareous (oolitic) stone upon 
calcareous stone 

Muschelkalk upon calcareous 
stone 

Common bricks upon calcare- 
ous stone 

Oak upon calcareous stone . . 

Wrought iron upon calcareous 
stone 

Muschelkalk upon muschelkalk 

Calcareous stone upon muschel- 
kalk 

Common brick upon muschel- 
kalk 

Oak upon muschelkalk . • . 

Iron upon muschelkalk . . • 



^ Ditto 



A 



Lutariosnt 

In the common 
way, with tal- 
low, hog-lardy 
oil^cart-grease, 

&C. 

Slightlyunctuoui 

to the touch 
None . 



Ditto • 



Rdattcnof 

frietioBto 



ancle of 



0.07to0.06* 4'ioi'SS 



Ditto . . None . 



Wood, end- Ditto . 
Ditto . 



ways 
Parallel. 



Ditto 
Ditto 



Ditto . 
Ditto . 



Ditto . . Ditto . 

Wood, end- Ditto • 

ways 
ParaUol. . Ditto . 
Ditto . . Wetted with 
ter 



0.15 

0.64 

0.67 

0.65 

0.88 

0.69 

0.S8 
0.65 

0.60 

0.88 

0.24 
O.dO 



88 
88 

20 



8* ar 



84 87 

20 40 

88 S 

80 56 

20 48 



18 
16 



4S 



III. — Friction of Axles (or GaDGSONs) in motion upon their bearings. 



Nature of the Muxtacet in contact. 



Cast-iron axles upon cast-iron < 
bearings '^ 



Cast-iron axles upon brass bear- ^ 
ings 

Cast-iron axles upon lignum-^ 
vitse bearings 

Iron axles upon cast-iron bear- ^ 
ings 

Iron axles upon brass bearings « 



Relaticm of friction to ^ 

State of the .or&ee.. when the hibric«it i. a^pfc* 

In the usual way. CootinuaOf. 

f With oliye-oil,hog-lard,ortallow 0.07 to 0.08 0.054 

With the same, and water • . 0.079 

With asphaltum 0.054 

Unctuous 0.137 

Ditto, and with water. ... 0.187 

Very unctuous 0.073 

^ Ditto, and with water . . . 0.073 

With olive-oil, hog-lard or tallow 0.07 to 008 a054 

Soft cart-grease 0.065 

Unctuous 0.166 

Without lubricant 0.185 

With oil or tallow ... a098 

, Unctuous (with oil) .... 0.100 

With olive-oil, hog-lard or tallow 0.07 to 0.08 0.064 

Ditto 0.07 to 0.08 0.054 

0.090 
0.189 



With cart-grease 

Unctuous, and with water . . 

Iron axles upon lignum-vitse / With oil 

bearings \ With hog-lard 

Brass axles upon brass bearings j ^|}jj ^„^^ • .'!!!!! o! 

Brass axles upon cast-iron bear- f With oil 

ings \ With tallow 



0.114 

0.135 

101 

093 



0.053 
a045 



* When the lubricant is unceasingly renewed, and erenly distributed, this Talne can be 
reduced to 0.05. 
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The type cylinder A is seen in the 
THE "TIMES" PRINTING MACHINE, plan,^. 1, with several of the printing 
, , i. Ml . .• e cylinders, B, at the circumference, to 

Since the chapter of illustrations of ^^^^^ ^^ ^^^^y^ is attached the machinery 
machinery was in the press, we have ^^^ carrying the paper to the cylinder. . 
had an opportunity of inspecting a print- j^^ ^^^ elevation, Jig. 2. the type cylinder 
ing machine of a new form, recently .^ ^y^^^^ ^-^^^ j^^ pages ^f ^yp^^ ^hich 
constructed for " The Times news- ^^^^^ y^^ printing a sheet on the drum 
paper, in which the pages of type are 3/ . ^^^^ f^^^^ ^^ jjejjs ^^^ g^ed by 
held in chases or iron beds of a polygonal ^^^^^^ ^^ ^^^^ ^j„gg marked A A of the 
form, which admits of their being placed y^qH^^ typ^ cylinder ; beyond which is 
on the periphery or circumference of a ^^^^ ^j^^ ^ ^^jg ^^ spindle C of the 
large iron cylinder, supported by frame- cylinder. 

work in a vertical position, and sur- rj,j^jg Vertical position of the type in- 
rounded by eight smaller iron cylinders, ^^i^^^^ however, the necessity of an 
each furnished with woollen coverings horixontal motion of the paper while in 
in the usual manner, so that the type, ^ vertical position. This is elegantly 
in revolving with the cylinder, comes effected by the feeding apparatus, an 
in contact with each of the impressing ^^^ ^j^^ ^p ^y^^^^ jg gjyen j^ j^g^ 3, 
cylinders successively, and thus eight »pj^g ^y^^^^ ^f paper, being laid on the 
sheets of paper are printed during every feed-board, D, after the usual manner 
revolution. i.- . u i" >^ews machines, it is caught by the 

This vertical cylinder machine is the ^ moving round a, at the proper 
invention of Mr. Augustus Applegath, ^j^^^^^ ^^^ conveyed over the entering 
and was designed by him especially for ^^^^ ^^ and downwards between the 
the use of " The Times," the circula- joUgrg ^^. ^heu it arrives at the proper 
tion of which had outstripped the powers j^^^.^ j^ j^ suddenly stopped by two pairs 
of the four-cylinder machine, which he ^^^^^ ^^^^^^ of wood, FF,^. 1, called 
invented for the same j?"rojj 1° }®27. stoppers, the tapes round dd opening 
In page 91 of this treatise, Mr. Little s ^^ ^y^^ ^^^^ tlm^^ s^ ^ ^o prevent them 
patent printing machine has been de- f^^^ rubbing against the sheet of paper, 
scribed, the drawing of which illustrates ^j^j^^j^ jg supported in its vertical posi- 
the general features of the old four-cy- ^j^^j y^y ^j^g stoppers and two small 
Under machine, in which two of the print- ^0)1^^3^ e. Jig, 3, on delicate springs, 
ing cylinders pressed on the type when it rj^y^^ stoppers instantly open, leaving the 
moved in one direction, and two when ^y^^^^ suspended by the rollers only ; the 
it returned, so that, although the type ^g^tical revolving rollers, G G, then 
moved twice under the four cyhnders, collapse, and give motion to the sheet 
yet only/oi*r sheets received an im- between them, S, Jig, 1, pushing it 
pression, and it may be said that half ot ^je^^een two sets of horizontal tapes, 
the motion was lost. In the vertical jj^^ which carry it towards the im- 
machine, the inventor has attained his pressing cylinders, B', where it meets 
object of making available the whole ^y^^ j^ked type, and the printing is 
motion of the type, by exchanging the effected; leaving the impressing cylinder, 
reciprocating horizontal for a continuous ^y^^ ^y^^^ jg carried out by tapes in the 
circular motion *. direction of the dotted line, by two 

In the following figures we have ^^y^^^ g^tg of horizontal tapes, 1 1, as 
given an elevation, and plan of the ^^ ^^g the pair of rollers, K, thence it 
machine, with an end view. jg carried on by a single pair of tapes 

— • at the top of the sheet until it stops, 

* This practice is more conformable to and remains suspended between two 
theory, for in a continuotu (which must be pairs of small conical rollers, L L, until 
curvilineal) motion the inertia of the masses the ** taker- off " lays it on his board, 
in motion does not interfere prejudicially, but, fhe direction of motion is indicated by 
on the contrary, preserves regularity in the ^y^^ arrows. 

movement; in the reciprocating motion, a The combination of mechanical move- 

great weight, moving at the average rate of 45 ^^^^g ^^ g^g^,^ ^l^ggg ^jbjects is highly 
inches per second had to be »^PPf »«^den^ interesting. The shaft M, which drives 

when »% *^« «^^f«?"*y/ the drum E, is in gear with the wheel 

ducmg a fearful strain on tne parts m action, ^ j^ « " > r\ u* u *k^ 

and a considerable loss of time and the power N, on the shaft O, which carries the 

applied. series of cam or eccentric wheels, /, g, n. 
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The first of these, //, bear against rollers 
on the roda i i, and, in the course of a 
reTolulion, allow them to fall inward, 
carrying the stoppers F against the paper. 
The cam g acts on the spindle carry- 
ing the finger rollers e, and, in revolving, 
pushes them against the sheet of paper. 
The cEun *, (seen also In J^. 3.) r^u- 
lates the action of the vertical rollers, 
G G, at the proper time allowing the 
Buperincuoibent pulley b to fall, pushing 
the rod I downwards, and by the bent 
levers forcing the left-hand rollers, G, 
inwards*. The cam m serves to raise 



parates the tollers d 

The rate of motion of the Qrpe tf- 
Under is about 60 inches per secoDd. so 
that an error in the arrival of the sheet 
of paper to the impressiiig cylinder (f 
the sixtieth part m b aecoDd mdi 
cause an error of one inch in the ma^B, 
and damage the sheet; yet the ciiqils 
means we liave described perform thsM 
delicate operations with sach nccutaqr, 
that the spoilage of stamped sheets is 
considerably less with tbis machine thu 
the old form. 

For inking the type there are thiee 
rollers, P, between each impressing ct- 
linder ; in the common machines tw 
inking rollers bear upon the type and 
distributing tables b^ their own wei|^ 
but, as tliey must be in a vertical posiltoa 
in this machine, long coil springs sre 
used (see^. 1) to keep them in contact 
with the type and distributing table sl- 
ternaiely. To distribute the ink on theis 
rollers, a wood table (part of which b 
seen in J!g. 2) is attached to the type 
cylinder, and receives an up and down 
motion from an undulating railway al 
the lower part of the cylinder, wbidi 
affects the distribution of the ink, with. 
out the use of the diagonal rollers, in 
the usual form of printing machines (p. i 
89). The ink is supplied from a capper 
vessel at the upper part of the machine, 
it gradually moves down the box R, 
j!g. 1, into one comer of which a roller 
intrudes; this roller is driven round by 
a shaft and bevel, S, and carries with U 
as much ink as the edge of the box will 
allow; this is communicated to a smaller 
roller, playing between the ink roller 
and the distributing table, as in die 
common machines. The vertical poii- 
tioQ of the inking rollers proves supeiior 
Co the ordinary or horizontal arrange- 
ment, as the surface only of the letter 
is touched by the rollers, and the form 
of type is as clean after printing 38,000 
copies as it was at the beginning. 

The type cylinder is 64 inches in 
diameter, and the chases or forms have 
a bottom of a polylateral shape, so that 
a form of type is a portion of a polygon; 
and as the type is of the ordinary shaH 
the column rules, . 
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form, fixed at one end of the chase by a is ^th of an inch, a quantity of little 

pin, and drawn tightly by a screw at the consequence in such a case ; this is 

other extremity; each column of the compensated for by four overlays of 

type also is individually secured by set cartridge paper of various widths fixed 

screws, and the form thus prepared is on the impressing cylinders, 

found to be completely uninfluenced by The produce of this machine, at the 

the centrifugal force created in working present time, is 9120 per hour, or 152 

the machine. It might be supposed, sheets every minute, while the recipro- 

as a column of tjrpe is not a part of eating machines, when at their greatest 

the circle, but a chord, that the impres- speed, would not afford more than from 

sion at the sides of a column would be 5000 to 6000 impressions per hour ; the 

very strong, but in the middle very faint; present machine is not driven at its 

but it will be found on calculation, that, maximum speed, the chief difficulty 

owing to the great diameter of the being the inability of the *' taker-off " 

cylinder, the difference between the to arrange the sheets as rapidly as they 

cnord and the arc in this particular, are supplied to him by the machine, 
with a column of 2{ inches in breadth, 



EQUILIBRIUM OF STRUCTURES 



Chapter L — Action of Forces. — Re^ 
laiiofu of contending forces with re* 
spect to a body on which they act.'^-^ 
Stability of the Centre of Gravity, 

(1.) Statics, considered with reference 
to artificial structures, is a subject of 
▼ery deep inauiry, and, in order to de- 
Telope fully the scientific principles re- 
gulating the stability of a combination 
of material parts in certain forms, a fa- 
miliarity with the more general views of 
statical science is indispensable. It is 
our purpose in the following chapters 
to give an outline of the theory of equi- 
librium as applied to engineering and 
architecture, comprehending the opera- 
tions of framing, roofing, the erection of 
domes, bridges, centres, and arches ge- 
nerally ; other structures, as walls, piers, 
columns, and lighthouses, are abo the 
subjects of statical investigation, which 
points out the conditions necessary to 
be observed in the combination for the 
maintenance of its form and position, 
while subjected to the action of forces 
in directions, and with powers which 
are indicated by the circumstances of 
place, material, and form; or, where the 
probable forces are first considered, the 
science of equilibrium demonstrates the 
form of the structure best adapted to 
sustain the given forces. The practical 
calculations resulting from such theo>- 
retical investigations introduce the con- 
sideration of the strength of the ma- 
terials used, of wood, stone, or metals ; 
the proper form of joints for advanta- 
geously fittine the parts together; of 
cements, and other means of uniting 
joints; and the artificial methods of 
strengthening the materials. 

(2.) The forces which may act on 
the parts of a structure have a tendency 
to give one or more of them a motion 
either of translation or rotation. The 
result of forces acting in one plane, but 
not in the same nor the opposite di- 
rection, have been detennined in fonnev 



parts of these treatises *, by reference 
to a simple experiment, u has thus 
been shown that two forces may be 
sustained by a third force — a resultaot 
—all acting in the same plane, the forees 
being represented by two sides and the 
diagonal /of a parallelogram, drawn so 
as to give the relative direction and 
quantity of the forces f ; also, that where 
a number of unequilibrating forces act 
on a point in one plane, the lines repre- 
senting them in magnitude and direction 
may be formed into a polygon with one 
side wanting, and that a torce applied 
to the point in the direction of this 
side, and proportional to it, will produce 
equilibrium, and the point remain at 
rest. 

(3.) The former of these propositions 
may be more conveniently stated thus :-^ 

When a body or system of bodies 
acted on by three forces is in equi- 
librium, the forces are proportional to 
the sides of a triangle having their di- 
rections. 

Thus, in the case of the three forces, 
A, B, C (Jig, 1), we may draw a line 

Fig. 1. 




* Mech. Treat. I., cUp. 2; Treat IL, 
chap; 2 ; Treat lY., chap. 2. 

i^ The demonstration of this important pro- 
position on mathematical principles is difficolt 
A geometrical form has been given by M. Dor 
chayla, which is transcribed into Mr. Fkatlfif 
" Mathematkal Piinciplat of M eehwiaa VU* 
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b c, in the direction of the force B, and 
proportional to it, abo tlie line c a in a 
similar manner to express the force C, 
the line a b, in the direction of the force 
A, will be found to be proportional to 
the force A, if this system of forces 
produce equilibrium ; this line completes 
the triangle, the three sides of which 
ab, be, ca, express the forces in relative 
magnitude and direction. This and the 
following, as well as the propositions 
referred to, may be verified by very 
simple experiments, using weights for 
the forces, and cords to transfer their 
action to the required point. 

Parallelograms have been made of 
wood, the corners being moveable about 
the pins which join them ; a' rod in- 
tended to represent the diagonal is at- 
tached by a joint, and, with the other 
rods, is divided into ecjual parts. The fol- 
lowing diagram exhibits its construction. 

Fig. 2. 




The parallelogram AB C E has two, some- 
times all of its sides divided into inches 
and parts, two, A B, AC, moving easily 
round a fixed pin at A, which also re- 
tains one end of the diagonal A D, di- 
vided in a similar manner. The con- 
nections at the corners B, C, and E are 
moveable; the two former consisting 
of clamps capable of sliding along A B 
or A C, unless when fixed by their 
screws ; they carry the pins which hold 
the ends B, C, of the opposite sides 
BE, C E of the parallelogram ; at the 
remaining corner E there is a double 
clamp holding the ends of the rods, but 
may be freely moved along each rod, in 
order to permit the adjustment of the 
parallelogram. When this instrument 
IS used, as, for instance, to determine 
the amount and direction of a force A 
(Jig, 1, last page), to counterbalance two 
forces which meet or would meet, if 
their directions were produced, in the 
point 6, the number of pounds or other 
Viits expressing the force B (Jig, 1) 
ay be measured by so many parts on 



the rod ABC, reckoned from A, and the 
damp with its rod B E slid to the proper 
mark and screwed up; the same openu 
tion may be effected on the rod A B, to 
show the force C. The point A (J^. S) 
must be placed on the point b (J^. 1), 
and the measured sides brought pamHcl 
with the directions Bb, C & ; when» oo 
observing the marie on the loose dia- 
gonal rod AD, which comes imme- 
diately over the axis at E, the number 
of parts reckoned from the point A wiD 
show the number of pounds' force which 
must be exerted to sustain the two 
known forces, and the direction of A D 
will be the direction in which the new 
force must act. 

(4.) It appears also, firom the above 
figure, that, if three forces be in equili- 
brium, their directions if produced will 
meet in a point. 

(5.) The effect of a number of forces 
upon any particular point is calculated 
by their moment or relative power, on 
the relature amount of leverage with 
which the forces act ; the moment of a 
force is therefore the product of the 
force, and the least distance of its di- 
rection from the given point, or a 
straight line drawn nom the given point 
perpendicular to the direction of the 
force. We can in this wi^ determine the 
effect of a number of rorces acting in 
the same plane on any body ; it may be 
proved by a simple experiment, as shown 
in the figure, where A represents the 




surface of a table upon which a board 
B of any shape rests through the me- 
dium of a few balls, in order to allow of 
the freer horizontal movement of the 
board. Weights, F, may then be attached 
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to any points on the board by strings 
which pass over pulleys fixed to the 
edge of the table; after a few move- 
ments the board will take up some posi- 
tion in which it will remain at rest, or 
the weights will have found some posi- 
tion in which there is an equilibration. 
If, then, any point P be taken on the 
board, and the lines aP, 6P, be, be 
drawn perpendicularly to the directions 
of the forces F, it will be found that the 
sum of the weights multiplied by these re- 
spective perpendiculars, tending to turn 
the point P in one direction, will be equal 
to the sum of the weights multiplied by 
their perpendiculars, tending to turn the 
point in the opposite direction ; that is— 

F, X 6 P H- F„ X cP-|-F3XrfP = 
FxaP+F, xeP. 

(6.) Should the forces acting on a 
body tending to turn it about some 
point be parallel and opposite, a line 
drawn from that point will be perpen- 
dicular to the directions of all the forces 
F, F,, F,, F3, F^, and their moments 
may be determined as before. If the 
point of application and magnitude of 
the first four forces indicated in jfig. 4 

Fig. 4. 



force F4 be equal to 6 lbs., the point e 
of its application must be 12 inches firom 
P, for 12 X 6 = 72. 

(7*) In the erection of structures 
generally, one force has to be constantly 
taken into calculation — the force of 
gravity, as the stability of any erection 
depends on the stability of its centre 
of gravity, or the common centre of 
gravity of all its parts. The centre of 
gravity of any body is said to be stable, 
when that centre must rise before 
the whole can be overturned, and un- 
stable when this condition of motion 
is not necessary. The practical inquiry 
is, what force must be exerted on the 
body or structure tending to disturb its 
centre of gravity, before the stability 
will be destroyed, or the structure be 
free to fall ? In the following diagram 



Fig, 5. 
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the stability of the body A depends on 
the fact of C G being greater than C E, 
for, in order that A may overturn, the 
point G, or the centre of gravity, must 
turn upon the edge C as an axis, and, 
to do so, it will have to rise through 
E D ; this quantity is the difference of 
C G and C E (or B G), and may always 
be found when the height of the centre 
of gravity and the thickness of the body 
are known, then it is obvious that 



be known, and a fifth required to pro- 
duce equilibrium, and the value of this 
additional force given, the distance from 
P, at which it must be applied, will be 
found by considering that the moment 
required must be equal to the difference 
of the moments of the first three and 
the fourth forces. Suppose F = 2 lbs., 
F, = 4 lbs.. Fa = 3 lbs., F3 = 5 lbs,; 
and the distance Pa, P&r Pc, and Pd 
respectively equal to 4, 10, 18, and 6 
inches ; then — 

(2 X 4-1-4 X 10-f 3 X 18) — (5 X 6) = 
102 — 30 = 72, 

which is the moment required to pro- 
duce equilibrium in the system ; if the 



ED = v^BG2 + BC2 — BG. 

We have here the space through which 
the centre of gravity must move ; but, to 
obtain the value of its stability, or the 
amount of force (F) required to over- 
turn the body, the space E D must be 
multiplied by the weight (W) of the 
body, and the force 

F=i(>/B G2 + B C» — B G) W. 

In the above calculation, the force F 
is supposed to act on the body at a point 
on a level with its centre of gravity; its 
positive efficacy is turning A about its 
edge C, varying with its position with 
respect to the point G. 
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In O'^r r^mark^ oc t>.id important 
part of aie:r.anii:al Kience, we shall 
endeavo'ir to expLiia cr.«» princistes 
which icxinid zn.'ie :n the ams^emeat 
of anv icructu.'e. and uiuitnze them bv 
examples of «u:knowIed^<»d r^od prac- 
tice. 

Ch^ptzi ir. — /VsTitf !•.■»:.- 1. 

(9.) All combiriaiioni or rods, how- 
e^tr numerous, mar be *a:d to cooaist 
rif sO many frames, w:;ich. enza^rcz a::d 
counterl>a]ancin::the various forces which 
are exerted on ttiem, s'lscain the whole 
iCructure. A frame mav consist of two 
fit more beams or rodj according to the 
purpose designed, and, practically speak- 
iniE, the size of the frame required : the 
pressures acting on them generally tend 
either to compress or stretch ; frames 
are therefore considered with reference 
U» forces acting in these opposite di- 
rections. To do. so, it is necessary as 
a first step to find the resultant of the 
pressures exerted on their respective 
parts, producing what is called a racking 
of the frame, or an alteration of its form, 
which of course it is necessary to pre- 
serve. 

(10.) In a simple support of a wind- 
I21S8 (Jiff. A;, such as is frequently used, 
if the two bciims at each end of the 

Fig. 6. 
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near u che venical poooioQ. that the 
3ien 3C che handle, who push horiion- 
caily dnrinc port of a reTolutioii of 
toe xxle. would exert raffidenc force to 
cim che wiioie arraacesiefK orer one of 
che teec c ^. che force reqniicd to eflect 
ch:9 movemeac bcmc calculated for any 
zjven pi:sicioa of the lees «« &, similarly 
CO che ca:ie or che stability of the centre 
of grivicy in the piecediw chapter. 

I L. The foUowioc figures give a ge- 
neral view of the elSect of pressure on 
che andes ot' framework, the force, for 
the sake of experiment, being supposed 
to he a weight. 

The nrst diagram represents the force 
as acting upon che point of junction of 
a pair ot' beams or rafters. The lines 

Fig, 7. 





nxlf* \w IiicIIikmI to one another very 
iiiurh, or bo liroU{;ht towards the hori- 

* Mr. MoM'lry, " Mechmiict of Engineer- 
*n|/* p. 407. 



d c, d b, express the proportional pres- 
sure exerted on the beams by the single 
force measured by d a. In such on ar- 
rangement of bars, the thrust is veiy 
much increased when the angle between 
the beams is increased; this consequence 
is shown when the rafter is raised to the 
position d b\ the crushing pressure on 
each being, in this case, proportional to 
d h' and d c, the latter being twice the 
amount it was before, and the former 
somewhat increased, dthough the foree 
exerted, d a, is no more. 

I'his figure illustrates the evil efiects 
of allowing a great pressure to be sus- 
tained by the joints of a frame where 
the angle between the parts is very open 
or obtuse. 

The succeeding diagrams exhibit a 
simple combination placed under cir« 
cumstances differing from the preceding 
case, — in the former, the effect of the 
force was a compression of the material; 
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in the following instances. It is obseryable rials, a thrust is always to he preferred 
that the action of the force P on one of to a strain, 
the rafters or pieces is stretching; the jp'ig, iq. 

parts in Jig, 8 act with great disadvan- 
tage owing to the direction in which they ^ 

Fig. 8. 





resist the vertical force P; this direc- 
tion is parallel with their length ; their 
disability in this respect will increase 
most rapidly as their direction is brought 
nearer to the position at right angles to 
the force, or horizontal, in the above 
case. The dotted lines A C, a A, ex- 
hibit the pressure which must be sus- 
tained by the beams A C and A B, re- 
spectively, if we imagine equilibrium to 
exist, in order that the comparatively 
small force A b (the measure of P) may 
be supported. 

In Jigs, 8, 9, the combination is better 
calculated to meet the thrust and strain 

Fig.^ 




(11.) The last figure forms a support 
of considerable strength, and is very 
much used, not merely in its simple form, 
but also as an important part of lam 
structures in wood, such as centres ror 
bridges and arches, roofs, and wooden 
bridges. A common and useful modifi- 
cation of this bracket-form is shown in 
Jig. 11. The conditions of equilibrium 
in such a figure may be determined by 
producing the direction of the strut C D 
(or piece bearing the thrust) until it 
meets the direction of the force P, pro- 
duced ; then we may draw a line from 
B to meet in the point of concourse a, 
as the directions of the forces produced 
must meet iu a point (chap. I., art. 4.) 
Thus, B D, a B, Da, will express the 
quantities of the three pressures pro- 
ducing equilibrium, because three pres- 
sures in equilibrium are proportional to 
the sides of a triangle formed by their 
directions {see last chap.) ; these lines 
also express either the force exerted on 

Fig.U. 




on its parts. In both examples the force 
appears to exert about an equal amount 
of effect ; but in practice the laUer form 
is to be preferred, as the greater compo- 
nent of the analysed force is A c, in the 
direction of the piece A C, and this 
piece receives a tnrust from the action 
of P; in the former case, A fl is the 
greater component, which expresses a 
force tending to tear asunder; and, by 
the principm of the strength of roate- 



the pieces of the frame or by them. It 
appears from this simple geometrical 
construction that the forces affecting B 
and D, arising from B D or F, are as 
follows : — the force in B a is 

And the crushing force in a D, upor 
strut, is P X 
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If the beam A B be horizontal, as in 
the figure, the thrust on the strut C D 
may be determined in terms of the actual 
parts of the frame, by reference to a very 
simple geometrical property*, whence 
we find that the pressure is equal to the 
force P, multiplied by the product of the 
length of the beam A B, and strut D C, 
divided by the product of that part of 
the lengtn of the beam B C, included 
between the wall and the point where 
the strut is applied, and the depth of 
wall BD, between the beam and abut- 
ment on which the strut rests. 

( 1 2.) In constructing frames, the scien- 
tific workman pays great attention to its 
form ; a very simple frame is shown in 
the figure, composed of four rods^ A, B, 

Fig, 12. 



- It may be inferred from the abon 
example that the parallelogram is not i 
strong form of frame, and that the tri- 
angle A a 6 is an improvement ; it ii 
well known that the strength of a fWime 
consists in the well-arranged triangles of 
which it is composed : the triangle is i 
figure which cannot change its shape 
without tearing asunder or crushing the 
constituent materials, whereas in^. 11 
the strain is thrown altogether on the 
joints, and, in order that the frame may 
rack, it is merely requisite that the ad- 
hesion of the bolts be overcome. The 
following diagram represents a strong 
frame which may be frequently seeo 
in roofs, partitions, and wooden bridges. 

Fig, 13. 





D, C, A, but it is not calculated to re- 
sist pressure on its angles, as may be de- 
monstrated by supposing some force, F, 
to act against the comer A, the lower 
side being fixed or incapable of transla- 
tion ; the frame will readily rack about 
the angles C D, as the force F has a 
moment of F x A E (chap. I., art. 5.), 
the line A £ being the perpendicular to 
the direction of the force, and the arm 
by which it acts on the angle C. The 
angles may be strengthened by braces or 
ties, as a &, which should be so strong, 
and at such a distance A e from the 
angle A, that the product S of the 
strength S of the tie and a perpendicu- 
lar A e, shall be equal to the moment of 
the force F, or as nearly as possible equal 
to it, or that Sx Ae=Fx AE. 



* The force on the strut is 

_,oD ^aD DC 

P — P X 

BD BC BD 



^AB DO 
BC ^BD" 



Similarly it may be found that the force acting 
on the horizontal beam A B, in terms of its 
real parts, is 

P n/BA^ + BD-(BAxBD) 

^ Id • 



The struts A A are attached to the 
posts B B, at projecting parts called 
joggles, and bolted together in the centre. 
A number of these frames, fixed side 
by side, forms a strong arch, with but a 
very slight rise in the middle. The ce- 
lebrated architect Falladio constructed 
a bridge in this manner. 

In a large swing gate a diagonal bar is 
fixed so as to embrace all the horizontal 
bars and form the gate into two tri- 
angles. In scaffolding the upright poles 
are strongly bound together by other 
smaller poles, lashed diagonally; thus 
making a triangular framework. 

Chapter III. — Roofi, 

The erection of roofs, if the space be 
considerable, is an undertaking in which 
all the skill of the carpenter is broi^t 
into practice, and, with the arrange- 
ment of partitions, constitutes the most 
difficult part of carpentry. 

(13.) The most simple form of cover- 
ing or roof is that of a flat surface of 
some convenient material, supported by 
a number of beams or girders stretching 
from one wall of the building to the 
other : this is applicable, and practised 
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where one wall is higher than another, the task, and with a flat roof the rain 

as in the case of out-houses and sheds of and snow would not be precipitated, 

moderate dimensions ; but, in most cases To obviate these difSculties, we might 

of ordinary roof-making, the strength of suppose the form shown in the figure to 

an unassisted beam would be unequal to serve the purpose of supporting a cover- 

' Fig. 14. 





ing ; but it may be shown, from our pre- Paris ; this is a slated roof, with so 
vious remarks, that the horizontal thrust great an elevation that it appears to the 
on the walls B C would act very injuri- spectator very much like a slated house 
ously, indeed it would be unsafe to at- built upon one of brick, 
tempt such a construction with ordinary (14.^ Considering these circumstances, 
walls for support, if the roof were re- it is advisable to adopt the low roof, and 
quired to be as low as it is represented by some means relieve the walls of the 
in the figure. In this position the thrust horizontal thrust of the rafters. This 
of the rafter A C will be in the direc- object is usually attained by the use of 
tion C r, but by resolving this force into a horizontal beam stretching from wall 
two we may find what amount of hori- to wall, and called a tie-beam, as is indi- 
zontal force ensues from this thrust; cated by B C (Jig, 15). The walls, in 
this will be equal to C a, while the ver- this instance, bear only the weight which 
tical pressure C b will tend to make the 
wall more firm; but the latter is very 
much less than C a, and will continue 
to decrease as the rafters B A C ap- 
proach the horizontal position. The 
waU, in consequence of this unsustained 
thrust, will be pushed outwards, unless 
It should happen that buttresses might . 
be built against that part of the wall on 
which the rafter abuts, as in the case of acts in a vertical direction, while the tie- 
ecclesiastical buildings, or that the wall, beam is pushed outwards by the abut- 
instead of being, as is usual, equal in ting rafters with a force which can be 
thickness from the top to the base, determined as in the preceding case, 
could be sloping externally, the neces- The beam must be of sufScient strength 
sary slope being calculated from the to resist this strain, but not so heavy as 
horizontal thrust which it would have to sag or bend in the middle ; this it is 
to sustain. The strength of the wood very liable to do if of a great length, 
rafters has to be considered also ; for, if so that it is unadvisable to use this form 
the beams A B, AC, be of very great of support for a roof where the span or 
length in comparison with their depth distance between the walls is greater 
or thickness, they will bend even by than 12 feet. 

their own weight, and be quite inca- (15.) A description of roof similar to 

pable of supporting the superincumbent that last-mentioned has been proposed*; 

load of tiles or slates ; this difSculty the rafters and tie-beam are formed out 

may be obviated to some extent by in- of a large beam or girder as follows : — 

creasing the elevation of the rafters. The beam A B is cut transversely at 

where that is admissible ; but the weight a, a, near the extremities, and between 

of the roof would greatly increase, and, those cuts it is divided longitudinally, 

of course, the expense. This is not (as indicated by the horizontal line,) 

all ; the almost vertical roof is, in most with the exception of a small space, so 

cases, a disagreeable object to the eye 

of taste, as may be observed in many * Transactions of the Society of Arts, 

old roofs^ such as the Tuileries at 87. 
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that the upper part if not quite sepa- b a raited to admit a key or wedge be-- 

rated from the remaining portion of the tween them, ai is seen in the lower 

beam; this upper portion is then cut figure. The inventor calls this ooa* 

through at the middle b, and the arms trivance the bow and string rafter. 

Fig. 16. 
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(16.) In estimating the thrust of the 
rafters on the tie-beam in the above 
simple form of roof-support, the weight 
of the roof is frequently considered as 
placed at A (Jig, 17), but the effect pro- 
duced by a mass uniformly distributed is 
not the same as though the mass were 
collected at A ; but we may consider the 
load as posited at the centre of gravity 
of the rafter. If, then, the lines A a, 
B a, G a, be drawn so. as to meet in one 
point at a. the horizontal pressure of the 
rafler A B at the point A will be repre- 
sented by a A, the pressure at B by a B, 
and the vertical enort of the centre of 
gravity of the rafter by a G (arts. 13, 
14); if, then, the line & c be drawn 
parallel to a B, the triangle abc will be 
formed, the sides of which express the 
proportion and direction of the forces 
supposed to be sustained by the rafter 
A C, and the end B of the tie-beam. 
From this simple construction the hori- 
zontal pressure on the tie-beam at B is 
very easily found ; for the ratio of the 
horizontal pressure (which we will call 
A), and the weight of the rafter (lo)^ in- 
cluding whatever may be superimposed, 

or — , is evidently =s ; then the 

w ^ 2Gc 

horizontal pressure or thrust 

* Gc 
That is, the horizontal thrust is found 
by dividing the half-span by the height 
of the roof, and multiplying the quotient 
by half the weight of the rafter and its 
load. 

* Or thus, trigonometnsally; the ^ A B C 

— = oTT" ** i cot M, .'. A = Jw cot. a, 

(In the figure the line Q( e should have beeii> 
equal toludf Ga.) 



As an example, suppose the rafters of 
a roof to be 6 inches by 3 in section, 
and of yellow deal, weighing 38 lbs. per 
cubic foot, the span 30 feet, tlie angle 
of elevation, A B C = 26° 33', or the 
height A H = 7i^ feet, and the rafters 
or trusses 2 feet apart, the roofing being 
of slate^ a square foot of which weighs 

Fig, 17. 




8 lbs. From these data the weight of 
the rafter and its load may be deter- 
mined. The length A B of the rafter 
will be found by calculating with the 
two known sides of the right-ang^ tri- 
angle A H B, in the usual manner, thus, 

A B = >/BH«4- AH«; or 

*/l5* + 7i« = V225-i-56i= I6f feet. 
Then the rafter will contain 

i X i X 16| = 2A cub. feet, 
the weight of which will be 

2^ X 33 = 69i lbs. nearly. 
The load on any one rafter will, of 
course, be equal to the weiaht of a sur- 
face of roofing found by multiplying the 
length of the rafter by the space be- 
tween the rafters or trusses, which, in 
this instance, is supposed to be 2 feet; 
therefore I6| X 2 = 33^ square feet of 
tiling rest on a rafter ; or 

33j^ X 8 = 268 lbs. 
The whole weight, then, of the rafter 
and its load is = 691 + 268 := 337^ lbs. 
With this quantity we can find, by the 
rule before given, the horizontal thrust 
of this rafter ; it will be 

168i X 1^ = 337 lbs. 

7i 
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It 18 obvious from the nature of the 
sloping roof that there must be some 
indination of the rafters at which the 
-pressure on the tie-beam will be less 
^than at anj other inclination; and, by 
calculation, it is found that the pressure 
is a minimum when the angle A B C is 

350 16', or the tangent A B C = -t=-. 

(17.) The simplest addition made to 
the triangular frame for increasing its 
strength is the addition of a tie to pre- 
vent the tie-beam from bending, and a 
strut to each rafter, for a similar pur- 
pose. These supports are shown in the 
following figure; it forms a verj com- 
mon arrangement, and is one of con- 
siderable strength. The vertical support 

Fig, 18. 



kind of roofs, an iron strap fo used, dis- 
posed as shown in the sectional figure. 

Fig. 19. 





A D is called a king-pott, and its func- 
tion is the sustentation of the tie-beam, 
which it does effectually; for, supposing 
that the beam had a tendency to sag or 
-bend, it would pull the king-post down- 
wards, but as the king-post rests upon 
the rafters by inclined sides or joggles, it 
must push the ends B C of the rafters 
outwards before it can descend, so that 
when the tie-beam pulls the king-post 
downwards, the rafters are made to 
stretch the tie-beam more than before, 
and prevent it from giving way. The 
king-post, therefore, acts as a tie, and 
must be attached to the beam in a dif- 
ferent manner to that in which the raf- 
ters are attached to the upper part of 
the post; the ends of the latter are 
mortised into the joggle of the king- 
post, but it would not be proper to unite 
the post and tie-beam in that manner, 
as' in the latter there is a stretching, 
while in the former a thrusting force is 
exerted; the rafters can thus assist in 
sustaining a thrust, when the joint is 
well made, by the shoulder on each side 
of the tenon ; but the king-post would 
be held to the tie-beam merely by the 
strength of the small portion of its te- 
non immediately underneath the pins. 
Under these drcumstancesy-hi the best 



The iron strap S, passes under the 
tie-beam A, and extends for some dis- 
tance upwards on each side of the king- 
Eost B. The upper parts of the strap 
ave eyes at C, through which, and a 
hole through the king-post, wedges C. 
are driven, in order to tighten the strap. 
The king-post is ther^ore suspended 
from the tie-beam. 

Again, the inclined supports which 
meet the rafters at E, ana abut on the 
joggles of the king-post at b, are called 
struts, and serve to prevent the super- 
incumbent load from bending the rafters. 
The struts are therefore of great service 
in the frame, their value in sustaining 
the rafters depending on their inclina- 
tion with respect to them; they also 
prevent the joints B C, at the tie-beam, 
receiving the injurious pressure which 
would result from a bending of the 
rafters. We may thus calculate the 
effect of the pressure on the strut E. 
In bending, the rafter and its load would 
move in the direction E a, so that it 
would not be the whole weight of the 
roof, but about two-thirds of it in this 
example, which would press in the di- 
rection E a. The brace, however, does 
not support in that direction, it is in 
"Eb; then, drawing a b perpendicular to 
E a, the relative effect of the force will 
be as E a to E 6. This increased strain 
on the struts occurs on each side of the 
king-post, and, when the weight of the 
rafters and roofing is given, the strain on 
the king-post may be found in pounds 
weight. To find the vertical strain on 
the king-post, arising from both struts, 
the direction of each strut must be pro- 
duced until they meet (above D), then 
measuring upwards on the struts, from 
a scale m equal parts» any numl* 
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units representing the pounds' pressure 
which tne struts are exerting, and com- 
pleting the parallelogram, its diagonal, 
which will be in the direction of the 
king-post D A, represents the whole 
vertical strain, and, by applying the 
scale, the amount in pounds weight will 
be found. 

Such investigations enable the prac- 
titioner to determine the *' scantling " 
or sectional size of timber which he 
must use; in doing this, however, he 
is also guiut^l by the principles of the 
strength of materiab. 

Roofs sustained by such an arrange- 
ment are very common, as it is gene- 
rally considered a very proper support 
where the span does not exceed 30 feet ; 
it is, however, used in greater spans : a 
roof in St. Paul's Cathedral, of 42 feet 
span, is supported by trusses of this de- 
scription. 

(18.) When the roof is required of 
greater extent, and the supports can rest 
only on the walls at each end of the tie- 
beam, additional struts and ties must be 
added to prevent the bending of the tim- 
bers. Thus we have new arrangements 
and a great variety of forms introduced, 
In many cases, according to the fancy 
merely of the builder. In the subse- 
quent figure a partially flat-topped roof 

Fig, 20. 



three triangles : in this farm it wm mA 
by Mr. Watt for the beams of aonie tf 
his earlier steam-engines. The acdoi 
of the different parts are, however, d^ 
tered in this use of the arrangement; fa 
the point of support, insteadof being tf 
A and B, will be at the middle point G^ 
the piston-rod and crank-rod being cos* 
nected with the ends A B. Thus, AB 
will be compressed — ^it will be a sent 
instead of a tie ; AC, CD, and D B 
will act as ties, producing a thrust ot 
the posts C G and O G. 

(19.) The curb or maiuarde rod s 
another form in which there is a doable 
slope ; this modification is shown In jlj^. 
21. As In the last instance, the cmb 

Fig. 21. 





Is represented; in this example the 
upper parts of the rafters (beyond C 
and D) may be considered as cut away, 
and an horizontal piece C D, placed be- 
tween the upright posts to receive the 
thrust of the rafters AC, B D. The 
recommendation of this form of roof is 
the space obtained for economic pur- 
poses, although it is evident that the 
strength of the frame C E F D, is un- 
equal to the previous arrangement, and 
also, as C D is supported at each end 
only, it will be liable to deflect, if of con- 
siderable length, owing to the thrust ex- 
erted on it by the rafters. 

A great improvement in this frame is 
that of bringing the ends E F, of the 
posts together, as indicated by the dotted 
lines; the whole is then composed of 



roof is adopted for convenience, as it 
allows of chambers in the roof. The 
scientific principles of this structure aie 
comprehended in the theory of the pdj- 
gon. The form requisite to prodnce 
equilibrium among Its parts may, how- 
ever, be determined by a simple expow 
ment. Attach four pieces. A, B, V, D, 
representing the rafters of the curb roo( 
to a flat board, by the two upper ends oJf 
A and D, all the pieces having freedoa 
to move about their joints. When die 
board is held in a vertical position, and 
the system of rods left to Itself, it wil 
arrange into a polygon similar to thM 
shown in the figure, if the pieces be of 
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eoual length and weight throughout; 
wnen the whole has taKen up the pio- 
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per position there will, of course, be 
equilibrium, and if the board be care- 
fully inverted, the form may be main- 
tained, although the slightest shock will 
destroy its equilibrium, which is, in this 
case, unstable. This polygon will be the 
correct form for the curb roof; but, owing 
to its instability, a strengthening collar, 
D (Jig, 21), must be supplied. If the 
rafters are to be loaded unequally, the 

groportional weights must be suspended 
om the centres of gravity of the pieces 
in the experiment, when a different form 
will result. 

This property is of some utility in the 
principles of arch-building, in consider- 
ing which we shall make further use of 
the polygon of pressures. 



(20.) Beyond these simple forms of 
roof-supports many varied arrangements 
are made, and are necessary, on account 
of the weakness of the material, when 
the beams are of great length in propor- 
tion to their thickness and depth; by 
acquainting himself with their relative 
strength in different positions, as well as 
the general principles of equilibrium, the 
builder is enabled to dispose beams of 
wood or girders and rods of iron of a 
proper size in proper positions. 

The arrangement of a roof-support, 
similar to that shown in the accompany- 
ing figure, is frequently used for large 
roofs, as the tie-beam is not only more 
efficiently sustained, but a considerable 
amount of room is obtained in the middle 



Fig. 23. 




for household or other purposes*. In 
this case, the forms explained in arts. \lf 
18 are combined ; the tie-beam has two 
points of support, by the two queen- 
posts aa^ and the strut h gives a sup- 
port to the rafters at the point where 
the weight of the purlins acts upon 
them. The thrust thus produced at 
'the lower ends of the struts, or on the 
queen-posts, is sustained by the straining- 
sill c. 

Sometimes the straining-beam D is 
omitted, and the king-post extended the 
whole depth of the truss (as before); 
giving three points of support to the 
tie-beam; the intermediate spaces are 
then supplied with struts; the whole 
thus forming a series of triangles. 



(21.) As examples of roofs, in con- 
structing which the architect has been 
guided by scientific principles, the roofs 
of churches and other public works are, 
in many instances, remarkable, and very 
instructive. 

In the church of St. Paul at Rome 
there is a striking example of a simple 
form of roof-truss combined with great 
span ; it is shown in the following figure. 
Beyond the tie-beam and rafters it pos- 
sesses only the two false rafters A A. 
and a straining-beam between their upper 
ends. The king-post supports the tie- 
beam by a wood key driven through the 
extremity of the post at D; another wood 
key at h rests upon the straining-beam, 
and thus affords some support for the 



* This and the preceding diagrams exhibit 
what is called a iiws of the roof; the roof is 
supported by a number of these trasses, which 
rest on the walls at the ends A B ; they are 
connected with each other hj purlins or beams 
of wood, of which two are seen in the figure, 
their ends appearing between the rafters below 
E. The common names of the different parts 
in the above general kind of roof are as fol- 
lows : A B is the tie-beam, resting upon the 
wUl-plaies or beams F F, which latter lie on 
the material of the wall; the rafters which 
rest immediately en the tie-beam, and abut 
against the joggle of the king-post C D, are 



called principal rafters; the upper beams B 
are the common rafters, and bear the roofing 
material ; they rest upon the top of the king- 
post C D, and abut against the pole^late f, 
which is a beam lying in the same direction 
with the wall-plate F ; the purlins are laid 
between the common and principal rafters; 
the king-post, C D, is short, being tied to a 
strainin.g-piece D, the ends of which abut 
against the heads of the queenrposU a a; these 
are likewise tied to the tie-beam at their lower 
extremity ; <2 <2 are additional or false rKifUrs. 
c is a ttraining-silL 
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king-post, and a key of iron, a, at the 
junction of the two rafters, completes 
the suspension of the king-post. The 
tie-beam in this truss is about 86 feet 
between the walls, and is but one piece 
of fir. The following scantling or sec- 
tional measures of the different parts 
maj be interesting :— 



Tie-beam 

Rafters 

Rafters A A 

Straining-beam 

King-post . 

Do. above straining-beam 1 1 

Do. at rafters . . 13 



Inches. 
23 X 15J 
16i X 15J 
10 X 10 

X 11 
X 8J 
X 13 
X 13 



12 
13 



This roof is a yeiy ancient wiid[, 
having been rebuilt in the year 8I6^ 
It exhibits an important feature in then 
structures, which should always be con- 
sidered, namely, the use of as smaD i 
quantity of timber as possible. 

In the trusses of the Teatro d'Aino- 
tino at Rome, we find the parts wniek 
appear in the roof of the church of St. 
Paul, but with additional ties, which 
very much strengthen the truss, h 
this instance there are two queen-posti, 
which do not reach the tie-beam; tlie 
king-post is similarly conditioned, low 
iron straps or ties being attached, which 
reach the respective horizontal beami; 



-Pig. 25. 




two iron straps are placed on each side 
of the king-post strap as an additional 
support for the tie-beam from the strain- 
ing-beam. The tie-beam is thus well 
supported ; it is in three pieces scarfed 
together, and in addition to its own 
weight and that of the roof, it has sup- 
ported the machinery during the ex- 
hibitions, and the ceilings and other 
paintings used on such occasions. The 
span is about 88 feet, and the inclina- 

Fig, 



tion of the rafters 24^. Examito of 
English practice seldom exhibit the tiei 
used in this manner, although they are 
common on the continent ; the character 
as ties of the parts supplied by the 
iron strap is very conspicuous in these 
constructions. Mr. Nicholson proposed 
some time since the employment of 
iron rods in the place of wood king and 
queen -posts. According to his method, 
a roof would appear as in the fbUowisg 
26. 




* Bondelet, L'Art de B&tir, tome ilL, p. lie. 
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€gure. The king-rod B C embraces the 
heads oT the raflers and presents a 
socket on each side at the foot for the 
struts; the queen-rod!f D are similarly 
provided, having a straining-sill between 
them to sustain the thrust of the struts ; 
the rafters are not mortised into the tie- 
beam, but fit into iron sockets A A, 
which are made fast to the tie-beam. 
This roof is admirably disposed, and 
accurate in principle; there appears, 
however, to be an objection to the use 
of iron on the part of some writers on 
scientific carpentry, possibly because 
it has not been much used before time, 
which is a very weighty reason with 
many, especially practical persons. 

Three roofs are described by Eobi- 
son, in the Encyclopisdia Britannica, 
which exhibit excellent methods of com- 
bining the timbers. One is that of the 
Birmingham Theatre, of 80 feet span. 
The principal rafters are not carried to 
the ridge, they abut against the queen- 
posts D, and are supported by the 

Fig, 27. 



Tie-beam 
Straining-beam E 
Queen-posts D 

Ditto . 
Principal rafters 
Common do. 
Principal struts 
Common do. 
Straining-sill . 



. 12 

. 9 

. 7 

. 9 

. 4 
9 and 6 

. 6 



Inchea. 

15 xl5 

X 9 

X 

X 

X 

X 

X 

X 



5JX 



9 
9 
9 

2i 
9 

9 
9 




The roof of Drury Lane Theatre was 
a double truss, one above another, by 
which arrangement a part of the weight 
of roofing is taken off the principal or 
lower truss, although there was a greater 
weight of roofing in consequence ; the 
strains were, however, prevented from 
acting injuriously on the walls to a 
great extent. Dr. Robison considers that 
tliis roof was unequalled ** in the world 
for lightness, stiffness, and strength," 
and that the main truss would bear a 
load of 300 tons ; but it required the 
walls to be continued much higher than 
would have been requisite with a roof 
of the usual outline. A space of 32 
feet was allowed for a store-room in 
this roof. 

The roof truss exhibited in Jig, 28 is 
both strong, light, and elegant ; the com- 
bination may be decomposed into two 
roof-trusses ; one is formed by the rafters 

Fig, 28. 



straining-beam E, it is therefore ana- 
logous to the form mentioned in art. 
18, with the addition of strengthening 
ties and struts; the principal queen- 
posts support two struts I, one abut- 
ting against a smaller queen-post, and 
the other giving support to an open part 
of the principal rafter; a straining-sill 
S is very appropriately added to sustain 
the thrust of the struts II; to guard 
against the effect of a tie-beam giving 
way, if such an accident should occur, 
a beam K connecting the several trusses 
was bolted to the tie-beams. This 
roof is not merely a convenient form 
(allowing 19^ feet space between the 
queen-posts for the workmen), but is 
also a very light structure, as will be 
seen by the following scantling, or width 
and breadth of its timbers. 




50 fett. 



A A, and the other a mansarde form, by 
the rafters B, B, B ; wliicli, abutting on 
the wall below A, take off a consider- 
able portion of the horizontal thrust 
which would arise from the solitary use 
of the rafters A A; a curved rib C C is 
added, and gives much additional strength 
to the roof. These rafters are pinned 
where they cross, and are also secured 
by ^^^ ties a ; the whole is thus formed 
into a series of triangles (Art. 12), This 
roof was constructed by M. Larnie^ 
and it has a span of 50 feet. 
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One of the largest roofs ever con- 
structed is that built over the riding 
saloon at Moscow; it was erected in 
1818, of 150 feet span. It may be de- 
scribed as consisting of a number of flat- 
topped roofs (see art. 19) placed one 
upon anotlier, as is indicated in the 
skeleton diagram ; braces a a were added 

Fig. 29. 




poses. The amplest form is Uiat oft 
solid beam or rib. bent into the requiid 
curve, and the fibres of the wood kImi 
curved offer a great resistance to aaf 
force tendine to bend them in a directioi 
contrary to tneir curvature. The curved 
rib is also very useful in bridge-bnildio^ 
An example of this form of curved 
rib is given by Philibert Delorme. The 

2^.30. 



to assist the raflcrs ; these, as M. Ron- 
delet very properly considers, should 
have been placed so as to direct the 
pressure towards the walls, instead of 
the middle portion of the truss, which 
of course is more affected than the ex- 
tremities by any downward pressure. 
An accident occurred to this roof soon 
after its erection in consequence of very 
warm weather, which caused the beams 
to shrink; — one of the tie-beams was 
torn in sunder close to a queen -post, at 
the point where it was scarfed ; the parts 
separated about three-quarters of an 
inch, bending the bolts of the joint. 
It appeared, on examination, that the 
rupture occurred through a large knot 
latent in the beam, and not through 
any fault in construction*. The roof 
mentioned in several works on car- 
pentry as having been built over this 
riding-house by M. Krafft, and injured 
by an accident, was only proposed, and 
has never been erected. 

(22.) Curved ribs of timber have been 
successfully applied to the purpose of 
supporting roofs and other structures, 
and arc strong, economical, and elegant ; 
at the same time affording considerable 
space in the roof for domestic pur- 

* The presence of a knot in an apparently 
sound beam might be detected by observing 
the effect of pressure applied at the middle of 
the beam, while the ends are properly sup- 
ported. If the beam be of equal width and 
thickness throughout, and there be no knots, 
the flexure of the beam will be regular, but 
if there be a knot, the flexure will be irre- 
gular, as the knotty part will not bend so 
evenly as the sound wood. (See chapter on 
the Strength of MaUriaU*) 




rib A acts in this instance as a tie-beam, 
and is connected with the rafters B \sf 
braces C ; the span of this elegant roof 
is 55} feet (17 metres). 

In the roof of the Magazin de la 
M&ture, at Toulon, we have an in- 
structive instance of the use of curved 
ribs. A section is shown in Jig, 3L 

Fig, 31. 




The lower rib A is curved throughout, 
while the superior rib B appears as an 
additional rafter towards the upper part, 
and abuts against the central post 
The struts C are used at interval to 
support the rafters D from the ribs^ 
which abut on the walls at a point 
lower than the rafters, by which, and 
the small inclination from the vertical 
at which the ribs meet the walls, the 
greater part of the usual horizontal 
thrust is prevented. The span of this 
strong roof is about 92 feet (28 metres), 
and affords a great space in the upper 
story for store-rooms. 

Upon this principle a bridge was pro- 
jected by M. Migneron, a French en- 
gineer, in place of the Font de la (Ste» 
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to piecM; It wu to enormoui rib, to be neuly 310 feet 

. it of rib», upon which span. 

the roadnay rested at the centre, and (23.) The uie oT parabolic cuiTe* of 

was supported at other parts by a wood or iron hu been recommended f 

number of struts; for tome reason to avoid the derangements insulting 

it was not adopled, but it would haTe from the shrioking of the king and queen- 

formeH an elegant arch of about 316^ posts; these ribs are to be made up of 

feet (66 mgtres) span, and 19| bet (6 a number of short lengtha of wood, 

metres) rise or height*. the pairs being bolted together, as iodi- 

In Kraft's proposed roof for the cated in j^. 32. This has considerable 

riding-bouse at Moscow there was an strength, but curved beams are to be 

Fig. 32. 



preferred. The elasticity of a wooden 
rod. the thickness of which is not mote 
than ^th of its length, is found to be 
uninjured when the rod is bent so that 
the rise or elevation is about the eighth 
of the span. If two such rods are laid 
together, bent by twisting ropes, and 
bc3ted, they will not alter much when 
the ropes are relaxed; tllis rib need not 
be of a parabolic curve, a circular arc, 
the heiglit being equal to half the height 
of the roof, will be sufficient for the 



walla of a building, forming two separate 
arcs, as rests for the rafters, have been 
proposed bj Mr. Holdawarth; the ribs 
secured at their lower eitreinities bj a 
tie-beam, as in the common form of 
roof- truss. This arrangement is not 
nearly so elegant as the ribbed rooft 
we have mentioned, and it appears to 
require more timber. 

In Prussia, bent [kerfed) timber is 
frequently used for sheds, stores, riding- 
houses, and all buildings in which a 
great span of roof is required; by this 
mode of support they construct roofs in 




■ J. OL Kraft, « Traitf da FArt ds ChaipeMs,' Bapplcmanl, lUO. 
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which great taste is sometimes exhibited, 
while the expense is very moderate. 
Their method of bending the timber is 
as follows : — The prepared tree or beam 
of timber is sawn from the larger ex- 
tremity for about three-fourths or four- 
fifllis of its length, along the middle; 
the saw is then passed on each side 
of this central cut, so as to divide the 
beam into four planks; the latter cuts 
are, however, not carried on quite to 
the larger extremity of the beam. The 
timber is then laid on the horizontal 
frame ABC, to which the butt or 
larger end D of the beam is firmly 
fixed, and the smaller end drawn down 
gradually into the position E ; a number 
of straps, a a, are then made fast to 
various parts of the beam when the 
proper curvature is obtained, and a 
fastening at E made tight. A mortice 
F is then made to receive a tongue of 
wood harder than the material of the 
beam ; and, lastly, hoops of iron at every 
interval of about two feet. The beam 
may now be taken from the frame, and 
will preserve the form thus given. 

This method of forming wood arches 
has been applied to bridge building. A 
bridge of 102 feet span has been de- 
scribed as being supported by kerfed 
beams *. 



(24.) Id many cases of rootoakiDgk 
is desirable to have higher ceilings tha 
is practicable when tie-beams are nied, 
as mentioned in the preceding ezampla. 
The question resulting from further de* 
mand on the carpenter's skill is, io wlnt 
manner can the tie-beam be taken awif, 
and its place supplied by some eombi- 
nation, which sliall be effective in sus- 
taining the form of the roof; If froiD 
the capabilities of the walls, it be ab- 
solutely necessary to prevent the hori- 
zontal thrust from playing on them, the 
readiest alteration which suggests itself 
is that exhibited in the figure, or the 
raising of the tie-beam, and use of i 
short king-post, CD. The rafberswiD 
still receive their support, but the strain 
on the beam AD 6 will be much in- 
creased in proportion as the tie is raised. 
The strain in this instance may be d^ 
termined by the method of calculating 
the moments of the forces acting upon 
the frame, shown in art. 5. The frame 
ABC will in this case tend to rad 
about the joint C, in consequeQce of 
the horizontal thrust at A and B, oc- 
casioned by the weight (w) of the 
roof; this thrust we have found to be 

Kb , 
= i tt; X -TTT (Art. 16), which acts on 

the wall at A, in the direction 6 A, 



Fig, 34. 




whence its moment will be 

A&xCft 

*"^-cr-' 

that is the moment tending to turn the 
rafter A C about the point C, which of 
course is to be resisted by the raised tie- 
beam ; the force exerted on the latter 
will be inversely as the arms with which 
the tie-beam and horizontal tlirust act 
on the racking point, or C 5 : C a : : hori- 
zontal thrust : strain on the tie, which 
is therefore equal to 

C6. 



thus, as the tie is brought nearer to 
the raflers, Ca is decreasing, and the 

quantity p— becomes greater, because 

C 6 is constant, and the force on the 
ties is greater by the latter fraction 
than the horizontal thrust. In practice 
iron straps are used to connect the ties 
at D, they are important particulars in 
the frame, as upon them depends the 
stability of the whole truss. The king- 
post is also subjected by this modifica- 
tion to a much greater strain. 



kh 



Cfl 



Papers of the Royal Engineers, vol. iii. 



+ The strain on the ties increases inversely 
as the cosine of elevation of the tie, or eoe. 
a A 6. 
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(25.) In the old Norman buildings, 
admirable combinations of struts and 
ties may be found, veiled by the cha- 
racteristic ornamental work; in many 
instances strong roof supports were 
arranged without tie-beams, allowing a 
lofty interior. Id the truss figured below, 
posts and struts only are used, but the 

Fig, 35. 




whole is by principle a firm construction. 
If the material of the roofing presses 
equally on the parts of this truss tending 
to push it inwards, or to collapsion of 
the frames A A, the diagonal struts meet 
and neutralize this force ; the walls sus- 
tain, however, some amount of pressure 
through the pieces a a. In this manner a 
very large roof might be erected with 
comparatively short beams ; bridges also 
have been constructed with similar 
framework. 

In ecclesiastical buildings, the hori- 



zontal thrust is a matter of less conse- 
quence as the ornamental addition of 
buttresses to the walls sustain any side 
effort of the roof; in such positions the 
tie-beam is frequently omitted to in- 
crease the internal elevation of the roof, 
and collars or little ties supplied near 
the conjunction of the nufters. 

(26.) Iron has now become a favourite 
material for roof-building and many 
other purposes to which wood was uni- 
versally applied. It has been shown 
from theoretical principles and by prac- 
tice, that iron is not only more durable 
but cheaper and stronger than wood; 
a roof-framing of iron is also lighter than 
one of wood, and it can be erected at a 
less cost. The chief applications of 
iron-work in structures relating to our 
present subject, are in the roofs of 
workshops, warehouses, slips for ship- 
building at dockyards, and passenger 
and other sheds on railways. Some of 
the roofs at railway stations present an 
elegant appearance, from the great ap- 
parent lightness of the structure the 

whole framing being visible. The fol- 
lowing figure will illustrate our de- 
scription of iron truss, erected at the 
Birmingham terminus of the Birmingham 
and Derby Junction Railway. The 
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rafter3RRareofca8tiron,thesectional assisted by the rods C E, or the rods 
plied by the rods D C C D, cmmently and C C a tie supporting the tw 
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rafters. The heel or lower extremity of 
the rafter R rests on a bracket D, ex- 
tending from the top of the column, 
and carries a cylindrical socket into 
which the ends of the rods are keyed. 
The tables of the rafters vary in width; 
at A or the middle of the rafter, the 
lower table is 3^ inches wide, and the 
upper table 2^ inches, at the ends B 
the same parts are 1^ and 2^ inches 
respectively ; the thickness of the upper 
table is f ths of an inch, and of the other 
parts ^ an inch ; the depth of the rafters 
is 4| mches. The rods D C are 1 inch, 
and C C and C £ | of an inch in dia- 
meter. Surmounting the whole is a 
ventilating arrangement F composed of 
oblique shutters. From these quantities 
it will be seen, that a comparatively 
small quantity and weight of material is 
used in this roof, with considerable ele- 
gance in the construction *. 



Chapter IV.— Dome* and Centres* 

(27.) Roofs of the cupola or dome 
kind have been frequently constructed 
of wood and sometimes of iron. The 
consideration of their equilibrium is 
somewhat different from that of the 
ordinary description of covering, being, 
in fact, much more simple, and the roof 
much easier to construct. The con- 
ditions of the stability of cupolas are 
more evident in the brick and stone 
structures than those of wood, but their 
great simplicity arises from the fact that 
the parts have a tendency in common 
to fall inwards, which constitutes them 
as wedges, preventing the movement; 
the only precaution necessary being a 
band or ring at the base or nearly so of 
the dome to counteract any inclination 
of the respective rafters to slip outwards. 
Where a dome is required, which bears 
its own weight only, it is plain that a 
very simple combination of pieces of 
wood are sufficient. Philibert Delorme 



proposed the erecting of domes witk 
small planks bolted together* £HiiiiB| 
ribs. According to his method, two or 
more planks of short length are fixed 
together, and cut to the curve required, 
successive ribs being attached to esdi 
other, until the proper elevation ii 
reached. The annexed diagram will 
indicate the appearance of the ribs A A; 
ties B B are placed at different heigfati, 
passing from rib to rib, stiffening the 

Fig. 37. 
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* A patent circtilar malleable iron roof has 
been patented by Messrs. Neill and Crawford, 
in which flat bars of iron are used for ribs, 
bent on their edge into the curved form; 
these support a roofing of cast-iron plates 
used as slates, hooking in one another^ and 
rails or purlins placed across the ribs. The 
comparative weight of this roof is said to be 
one-third the weight of a Wood-trussed roof; 
it is much cheaper^ and afixnxls more room in 
the interior. 



whole framework* The following mea- 
sures of the pieces or planks will at 
once show the small amount of timber 
required to erect one of these roofs. 
Ft. in diameter. In. deep. 

For domes 26 9 

39 Hi 

65 14i 

118 14| 

These measures, however, are greater 
than those used in some instances. 
The church of the Madonna della Salute, 
at Venice, is surmounted by a dome 
composed of 96 ribs, each of 4 thick- 
nesses, so that each rib is 8j^ inches by 
5^ inches, while the span or diameter 
of the dome is 70 feet ; in this instance 
the whole is strengthened by an iron 
hoop 4^ inches wide and ^ inch thick. 
Over the Halle aux Bl^s, or corn-market, 
at Paris, a wooden-rib dome was erected 
by M. Moulineau, which was considered 
a magnificent object ; the diameter was 
about 200 feet, and the curved ribs 
which formed it were made of three 
planks, each 13 inches broad, and 3 
inches thick $ these planks were so put 
together, that one of 3 feet in lencth 
was placed between two others, of 6 
and 9 feet in length ; thus every 8upei» 
added portion of a rib ^tted into and 
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could be firmly bolted to that below; In the fonner it is important that the 

the ribs were connected at different truss should be well tied in at a if there 

heights by purlins and iron straps ; at be considerable extra weight to support, 

one-third the height of the dome every otherwise it would be weak ; the span 

third rib was discontinued, and at two- i-r^ qq 

thirds of the height every second rib; *S* ' 

the remaining ribs finally fitting in a 

ring of timber, above which was placed 

an umbrella to provide for the necessary 

ventilation in a convenient manner; 

this noble dome was destroyed by fire, 

and replaced by a smaller cupola of 

iron. 

Where the dome is required to support 
a lantern or other weight in addition to 
that of its own materials, trussing is 

necessary to ensure safety, unless the of the dome is 50 feet and its thickness 

lantern or superimposed weight does 4^ feet ; in the latter example, the piece 

not exceed that of the materials which a, which will be a strut or tie according 

would occupy the circular hole left in as there is little or much weiglit to be 

the top of the dome; otherwise the borne, is an important piece; the tri- 

upper part will be thrust in, or the angular arrangement in this truss is 

lower parts will be thrust out ; the light and strong. 

former case must be met by proper (28.) The construction of centres or 
trussing, and the latter by powerful scaffolding for sustaining the parts of an 
bands or hoops ; even where there is no arch until the key-stone is laid, has 
extra weight a binder is necessary, ge- called forth a considerable amount of 
nerally at an elevation of from 50°, or mechanical skill. In building a bridge 
where the tangent to the -curve is in* over a stream where it is unimportant 
clined about 40° to the horizon, or when that the navigation be prevented, the 
the span is about |{ths of the diameter, erection of a centre to build upon is a 
these measures apply where the dome comparatively easy matter, but in many 
is of equal thickness ; the extra support cases, for physical as well as commercial 
must be applied at a lower part, if the reasons, it is necessary to make the 
thickness of the dome or the weight of centre a temporary bridge ; the centre 
the material decreases as the elevation must then be built so as to sustain not 
increases. In using truss work, the only its own weight, but that of the 
strains of a superimposed load are pro- materials used in the construction of 
pagated either to some part of the dome the arch, which it must do by abutting 
above the base, or at the base ; where- on the piers laid for the intended arch, 
ever it occurs, chains or hoops of proper A centre so arranged consists of a 
strength must be supplied ; if a tie-beam number of trusses from 5 to 1 feet 
can be admitted, great assistance will be apart, connected together by bridging 
given to the whole structure* The two joists, upon these boards are laid, form- 
sections in ^*. 38, 39, of half the domes ing the bed for the courses of arch- 
stones ; where an arch is large there is 
Fig, 38. a bridging joist under each course, being 

overlaid with planks, which can be cUt 

^^^k away when required. 

^^^J Although the centre is not pressed 

^^)^^^ with the whole weight of the superin- 

J^j^ cumbent arch-stones, yet it has to sup- 

ff^F port an enormous load if the arch be of 

aU^J * considerable size. The centre is re- 

k ff lieved of a portion of the total weight 

/I// by the friction and pressure thrown by 

UUc— softtt. the arch-stones upon one another, in- 
deed, until a particular elevation is 

of the Edinburgh Register Office, and reached, the whole weight o^ a stone is 

that formerly existing over the Pantheon incumbent on the part of the arch b6- 

iii London, exhibit instances of trussing, neath it ; and we may estimate the 
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pressure exerted on the sustaining centre the last stone which should completie the 
from the known proportion that the structure, the centering broke asunder 
whole weight ofa stone is to the pressure and fell into the river; as a substitnte 
it throws on the centre as 1 : sine of for mechanical skill* some hare added 
the angle of elevation of the joint (which so much useless timber, as to endanger 
would be sin. C A B in the accompany- the centre by reason of its own weight 

alone. A centre, like all other structuro, 
J* tg. 40. I, strongest when composed of the fewett 

possible parts, so judiciously put together 
that the thrusts and strains may be fbll^ 
met. 

(29.) It is evident that, as the lower 
courses of stones are laid first, the possi- 
bility of the transference of any pressure 
exerted at the sides, to the crown or 
top of the centre, should be carefbllf 

B L — IZ XA guarded against, and that as the prindpiu 

weight when the arch is nearly finished 
ing diagram, if the stone D were under must be on the crown, that part of the 
consideration). centre should be well supported. In 

This estimation is exclusive of the elliptic or flat arches, the pressure com- 
friction, which will also assist in re- mences earlier in the building than in 
lieving the centre of some portion of the semicircular arch; when the limit 
the pressure, and the effect of inter- of the angle of resistance f is reached, 
posing cement; with a block of dry free- the stones slide upon each other down 
stone for instance, the friction prevents ©n the centre, and the pressure varies 
the stone from sliding against the centre, ^ith the elevation of the joint, so will 
until the angle C AB is about 35°, with the friction vary with the elevation J. 
a block of granite the angle was found if we suppose that the angle at which 

to be 33° to 34°*. the stones begin to slide is 33® (with 

The pressure is again diminished in fresh mortar interposed)* then the co- 
consequence of the tangential thrust efficient of friction being 0.66, we may 
exerted more or less by the arch-stones calculate by the formula given in the 
on those in the same course below them, note, that as the joints attain the fol- 
the tendency being to push outwards lowing angles of elevation, so will the 
some parts of the arch. According to proportion given of their weight be 
the opinion of Mr. Couplet, none of the thrown on the centre :-— 
arch-stones below 30° of elevation press 
upon the centre, supposing the arch to 
be semicircular, and of uniform thick- 
ness; he also concludes that an arch 
under these conditions throws upon the 
centre not more than four-ninths or not 
quite one-half of its total weight. Dr. 
Robison considers, for reasons which 
he does not state, that the pressure is 
as much as two- thirds of the whole ^ appears from the calculation, that 
weight. , when the stones lie inclined at an angle 
It results from these views and facts, of 45° the pressure on the centering is 
that It IS advisable to exercise some j^^out one-quarter, and at 60° above 
discretion m building up a centre, other- ^alf the weight of the arch-stone, 
wise it is dangerous to attempt a dis- 
play of skill ; in some cases, centres — ^ 

have completely given way, as in the ^ g^e Consh-uction of Machinery, chap. 

erection of an arch on the river Derwent, jy.^ page 107. 

when, as the masons were about to lay % The following equation arises from the 

figure given above, a = angle of elevation =» 

• Kennic, " Phil. Tmns." 1829. Thia is said p/ B,/ = the coefficient of firiction and P = 
ofthearch-,tone.ofthepre.entLondonBridge; *MP™'?« »" *' T^±^lj^ ^^^ 
with fresh finely-ground mortar the .tonei weight of the stones in question, then 

(lipped at 25°. P = ("in- « — /«». o) W. 



Angle of elevation 


• 




Fraction of the weigfat 


33° . 








0.000 


35 . 








0.033 


40 . 








0.137 


45 . 








0.240 


50 . 








0.341 


55 . 








0.440 


60 . 








0.536 
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SeTCTsl interesting eiompleg of cen- 
tering are afforded d; the French ea- 
gineera, M. Perranet used the foUow- 
inc centre for a bridge built at Neuilly, 
of 1 20 feet span and 30 feet rise. There 
is eTideoCly but a small abutment or 
rea^ng place allowed for this centre on 
I the vhole ia a very simple 



with that of Perronet in point of stiff- 
ness. and generally in the skilful disposing 
of the strut-beams ; half of a frame is 
shown in Jig. 42 ; the feet A have 
a good support in a position nearl* 
vertical, which ei'^ them a much 
greater effect. By a brief observation 
of the figure it will be seen that the 



arrangement, consisting of a number of framing is very simple, beiug made up 
struta, ab,bc,cd, in coorsea one above of seven pairs, a a, bh, of rafters, abut- 
ting at their upper ends against straining 
beams, and held by king-posts; or it 
may be said to be a combination of 

Fig. 42. 



Fig- 41. 




another, disposed triangularly; but it 

will be evident that the strength arising 
from this figure in composition does 
not apply here, the triangles are not 
complete, and the angles ere too obtuse, 
so that any force exerted on the angles 
must act with prodigious effect on the 
frame. (See art. 11 of the present 
Treatise.) The struts were bound by a 
number of king-posts, and the frames, 
which were 6 feet apart, were bound 
together by horizontal bridles'. This 
disposition of the timbers, in addition 
to the oblique footing of the lower 
beams or feet, deprived the centre of 
that stiffness so necessary to support 
the uncompleted arch ; the history of 
this erection sufficiently shows the de- 
ficiencies of the centre : — after tile laying 
of the masonry had commenced, the 
crown of the centre alternately rose and 
sunk i when twenty courses of stones 
were laid on each side, the centre was 
found to have sunk one inch; with 
forty-six courses resting on it, and the 
crown loaded with fifty tons to pre- 
vent it rising at that part, the whole 
frame sunk half an inch more ; and, by 
the time the keystone waa set, the 
centre had sunk 13^ inches, and risen 
at the haunches or lower parts. 

The centre used by Mr. Mylne for 
building Blackfriars Bridge is a contrast 

* The acaatling of the tinben wu hi 
followi :— itmt-bsmu, 17 by 14 inchei ; kiog- 
poits, 16 by 9 in.; horimntal btidlei, le by 
S in. <ach lialf; and eight other hariiont^ 




simple roofs ; the direction given to the 
strains is such as to convey them all 
to those parts which can best support 
them, — little of the pressure at the 
haunches can reach the crown ; in the 
case of the truss aa, one leg rests 
directly over the legs A, and the other 
passes across the framing to the opposite 
side of the arch, which in building 



other rafters act in the same way. The 
progress of the work proved the accu- 
racy of the design, the centre not sink- 
ing at all, although closely observed; 
it took more timber by about a third 
than Perronet's centre, and offered more 
obstruction to navigation; It is much 
stronger, but account should be taken 
of the flatness of the Neuilly Bridge ; in 
the latter case, the ratio of the height 
to the span Is 1:4, while in Black- 
friars Bridge we have 1 : 2^, the actual 
dimensions of the latter being 100 feet 
span by 43 feet rise. 

The centering used for th* •>»* 
London Bridge is a hMUtf 
framework, ddlough It b 
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nipported from the pier*. Fig. 43 re- 
presenU half of this ceDtie as uied for 
the middle arch, the span being 152 feet 
and the rise 37 feet 1 inches ; this is a 
composition of diagonal struts, whicli, 
as IB remaiked in the present treatise, 
chap. I. p. 122, is the ilrongest disposition 
of framing-pieces ; all the upper frame- 
work tests upon the great beam A, 131 J 
feet long, which lies on three diagonal 
fratnea fi i below these is the arrange- 
meot of wedges and their 



Fig.ta. 




ttritiag-plalei C, supported by the 
struts or feet D D, BDd the piles E ; 
ihese prevent the possibility of any acci- 
dent arising from the great obliquity oF 
the feet; the oak-strut a also is of great 
service to the long beam A, meeting it 
just where a great downward thrust is 
exerted by the beam 6. There were 
ten of these frames or ribs to form each 
centre, containing altogether 800 tons of 
timber; a centre was, however, erected 
in ten days. 

(30.) It is necessary, in forming the 
centre of an arch, to mate some arrange- 
ment for steadily removing it when no 
longer required. This, which might 
appear a simple operation, is one calling 
for great care, oliierwise some parts of 
the yet unsettled structure will sink and 
thrust others out of their place, to the 
imminent danger of the whole. There 
is, however, a sinking or settlement of 
the arch when the centre is removed, 
sometimes to an alarming extent; this 
is generally allowed for in laying tlie 
arch stones. M. Ferronet used small 
blocks beneath the arcli stones, which, 
soon after the bridge was keyed in, he 
began to remove, commencing at tile 
lowest part on each side ; as he pro- 
ceeded, the arch stones slid after the 
centre, and the joints opened so as to 
leate some alomi, but by the timely 



aisistanee of raechanical akill the de- 
centering was safely e^cted, not, how- 
ever, without considerable alteration io 
the form of the arch, which ia a dan- 
gerous circumstance. In the bridge ef 
Neuilly, the sinking during the progreas 
of the building wa* very nearly 14^ 
inches, but when the centering was 
cleared away, it was depressed 10 J inchet 
more, making the total sinking nearly 21 
inches (22 pouces, 9 ligoes). In another 
case — the bridge at Mantes — the sinking 
on removing the centre was 9i inches, 
which, with the previous aiteratioD 
while oD the centre, made a total fall of 
above 22} Inches*. Thia result on the 
clearing away of the support may be 
lairly attributed to bad maaon's woric, 
but Ferronet removed his centres veiy 
soon after the completion of the arches, 
which also were very flat at the crown. 
The elegant granite arch built over the 
Dora Itiparia, near Turin, spannii^ 
147^ feet and rising but IB^ feet, only 
descended 6 inches in the five dayi 
during which the centre was b^ng 
removed i this, though it contrasts very 
favourably with the huge quantitiea 
before stated, is much greater than w« 
find or aJlow for in arches erected by 
our engineers. Dublin firidge, of IDS 
feet span and 22 feet rise, through the 
stiffness of the centering, sank but one 
inch during the erection, and If inch on 
striking the centre j Grosvenor Bridge, 
over the Dee, at Chester, of 200 feet 
span and 42 feet rise, exhibited no open 
Joints during the operation, and it finally 
sank but '2^ to 2^ inches; Blackfriart 
Bridge moved but IJ inch in settling 
the arches being, however, 43 feet rise 
for 100 feet span ; Bow Bridge, a sin^ 
arch of 66 feel span and 13J feet in 
iieight, descended one inch in buitdia^ 
and only half an inch on easing the cen- 
tering, which was half an inch less than 
the amount allowed when the work was 
set out ; and Waterloo Bridge, in which 
centres were used after the model of 
Blackfriars, on decentering, sank but 1^ 
inch in any arch, the span being 120 
feet to a rise of 35 feet. The method 
of striking or lowering the centre in the 
British works now mentioned is different 
from that of M. Perronet and other 
continental engineers; the contrivance 
adopted in Blackfriars and many other 
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bridge-ceDtres 18 shown in^. 42, and at ¥ba. In the former case friction is 
C,^. 43; the lower ends of the trusses evidently an important element in the 
rest on a bed, the under side of which calculation, being the only force that 
is of a zigzag form, to receive the wedge prevents the body A from slipping on 
placed between it and another similarly the upper face of B ; it appears firom 
cut piece, resting on the feet A and D, the last column in the tables (p. 108), 
their surfaces being covered with copper, that if the angle Yba, which the force 
When the arch is completed, the opera- makes with the vertical db to the sur- 
tion of lowering the centre is performed f&ce of the solid B, be not greater than 
by driving the wedges inwards; this is the limit of the angle of resistance of 
effected either by common mauls, or, as the substance, then A will not slip ; if 
at Blackfriars, bv means of a heavy greater, stabilitycannot exist unless some 
beam suspended nrom some part of the other force be in action to oppose F. 
centre, and driven, like a battering ram, Again, the second condition necessary 
against the wedge. to the equilibrium of A upon B is that 

the direction of the force F should pass 
through the surfaces in contact, other- 
Chapteb V. — General Equilibrium of wise the upper body will be liable to 
Structures in Stone, 8fC, — WaUs of turn over upon one of its edges, should 
Buildings, and Revetments. the force be sufficiently great to over- 

come the small resistances which are 
(31.) In ordinary buildings of brick, offered to it; thus, it is dangerous if the 
stone, and analogous materials, the con- force be in a position such as F' b\ for 
templation of their stability or resistance rotation is likely to occur round the edge 
to pressure is different and far more c, unless the moment (art. 5, p. 116) of 
intricate than in the structures we have the centre of gravity g, added to the cohe- 
hitherto considered ; where beams of sion of the surface in contact, be equal 
wood are compressed they are generally to the moment of the force F'. It must 
placed in the direction of the strain or be recollected that the vertical g b 
pressure to be supported, and we have through the centre of gravity requires 
then an outline figure or frame in which the same conditions as the foreign force 
the directions of all the forces can be F. 

traced, but in built-up solid forms, such (33.) Walls, when simply used as a 
as walls, piers, arches, aud bridges, the means of separating portions of land, 
inquiry into the effects of forces calls for have but their own weight to sustain, 
closer observation, and, after all that can and require no particular consideration 
be done, the results are less certain. in a theoretical point of view; but when 

(32») When a single mass is acted on they are used for supporting other 
by any forces it will be compressed, or structures, the operation of the pres- 
crushed,or its parts torn asunder, accord- sures upon them demands investigation, 
ing as the forces exceed the force of The walls of ordinary houses, for the 
cohesion of the atoms composing it, but most part, have the pressures upon 
when two solids, as A, B, are resting them in a vertical direction, some hori- 
together, not being connected by cement, zontal thrust, however, is to be supposed ; 
and some force or resulting force F act they should decrease in thickness up- 

_. wards, owing to the load varying in 

J^tg, 44. quantity, and also because they are less 

liable to be disturbed by any forces 
which may accidentally act against them, 
when the centre of gravity is nearer to 
the ground. A great portion of the 
stability of houses at present constructed 
is obtained from the girders and joists of 
the floors, which tie the walls together ; 
and it has frequently occurred, when 
these important beams have decayed, 
on the upper solid, their mutual stability that one or more of the walls has 
depends on the inclination of the joint fallen, 
or faces in contact of A and B, and also (34.) In churches and sor 
of the inclination or direction of pressure ings the walls have to 
with respect to the joint, or the angle tlmist firom the roof: tU 
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sccorapwiytng figure, wheie two walli appendagei to the itmcture, jet, if 

are represented as sustaimog a bigh and removed, the destructioD of the whde 

low roof. edifice misht be the immediate ooaie- 

Pig. 45. queace. Id the accompanj'iQg figute ■ 

wallABiiBsuBtedbyche buteresiDC 

Fig. 46. 




AB is supposed to bear the thrust of 
the upper roof, as indicated by the arrow 
P; this thrust is carried by the aisle 
roof E C in the direction E F, which, 
with the thrust of the roof itself, is 
tending to turn over the wall C D about 
the edge D ; then the moment or power 
of the force F to upset CD will be 
found by drawing the line F D, D being 
the edge about which motion would 
take place. To resist this effort we 
have the weight of the wall D C. the 
moment of which is obtained by multi> 
plying the weight by the distance Od of 
the vertical line through its centre of 
gravity G, from the edge D ; this dis- 
tance, if the wall be homogeneous, would 
be equal to one-half the thickness of the 
wall J collecting these amounts we ob' 
tain the following equation for equili- 

Vx FD = weightofthewallDC X Dd. 

HereFstandsforthcthrust from the wall 
B A and that of the roof C E, combined. 
In addition to the resistance arising from 
the weight of the wall, there is another 
of importance in practice, namelyi the 
cohesion of the parts of the wall; if the 
forces F were so great as to ptoduce 
rupture anywhere between C and D, 
the cohesion of the parts must have 
been overcome. 

(35.) In consequence of thieovertuming 
thrust, which occurs in many, especially 
Gothic,ecclesiastlcalbuildings,bu ttresses 
are applied to the wall, at regular dis- 
tances, in order that additional strength 
way be given to it; at the same time 
they ate, in many cases, so admirably 
"tpoaed as to appear like ornamental 




Then, to find the conditions of equili- 
brium for this figure, we must exchange 
the edge of the wall For the external 
edge D of the buttress, and the arm of 
the force F will be F D, while the op- 
posing forces will be the weight of the 
wall and its leverage dD, and the weigbl 
of the buttress and its leverage gD. 
When a pinnacle is superimposed OD 
the buttress it adds its weight to that c^ 
the buttress; but the stability of a body 
is injured by increasing height without 
thickness (art. 7, p. 119). Buttrene* 
are to be preferred before adding uni- 
formly to the weight of the wall ; some 
buttresses frequently forming a portion 
of an arcli are called flying buttresses, 
and perform their office of supporting, 
as the rafters in fig. *5 support the hi^ 
wall A B, by tranafeiring the pressure to 

(36.) Fortemporarypurposes shores are 
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tiled to anstwDBinkiDgwaUi, earthworks, 
and other Btruclures. The effect of a 
shore may be conaidered by taking its 
moment acting contrary to the overset- 
ting force. Thus, ifA B C be the body 
supported, because pressed down by a 
force F, the disturbing force is Fx FA, 
and to oppose it we have the strength 
of the strut or shore D E multiplied by 
S A, added to the product of the weighls>f 
AB C and the perpendicular to its direc- 
tion Ag. In addition to this there is also 
a resistance to the rotation by reason of 
the weight of the shore pressing against 
the wsJI ; this is not equal to the wliote 
weight of the beam, but is. equal to the 
weight X j^T=;, G'ui being the vertical 

from the centre of gravity. 

(37.) In all these cases equilibrium 
ooly has been considered; the forces 
tending to injure the edifice have been 
supposed to be equal io their eflect to 
tige conservative resistances, neither the 
former nor the latter preponderating; 
but it will be evident, from a moment's 
reflection, that it is impossible that a 
building could stand under such circum- 
atances,~the most gentle wind would 
throw it down; it can have no stabiliCy; 
the resistances must be greater, and, 
generally, are very much greater, than 
the destructive pressures, to allow for 
various extra-theoretical considerations, 
such as, the action of the weather, 
storms, sinking of foundations, inequality 
in the strength of the material, badness 
of the cement, and imperfection of work- 
manship*. All these things are against 
the builder. 

(3B.) In engineering a most important 
subject is the best method of supportine 
earth by brick and stone walls, called 
revelmenli, which occurin forming docks, 
quays, reservoirs, bridges, and fordfica- 
tions ; yet, although of so much import- 
ance, both on account of ihe circumstance 
in which they are required, and the 
number of indispensable works in which 
tliey are principal parts, it might be 
thought that their principles and practice 
are well known; they are, of nearly all 
other subjects, least understood. The 
action of the earth upon them, with the 
character of the resistance they offer to 
the load, is a mystery. Much calculation 
has been made respecting them, but no 
satisfactor}' results have been deduced; 



for there is lo much disagreemeDt be- 
tween the results of different calculator*, 
each of which has found that his own 
must be the truth, that the engineer 
finds little of useful direction from ma- 
thematicians. 

(39.) When earth has to be supported, 
it is necessary to observe the natural 
slope or angle of repose of the particulu 
kind of earth in question, that is, the 
angle at which it will b^in to slip. The 
following table shows the natural in- 
clination of several substances: — 
Fine sand (dry) . . 21° 0" 
Do. do. . . . 34 39 
Do. do. . . 39 

Loose shingle (dry) . 39 
Common earth (dry) . 46 50 
Do. do. (damp) . £4 

Compact earth . . 55 

It appears from this table, that when 
sand is heaped up behind a well, a much 
greater quantity and weight presses 
against the wall, than when the sub- 
stances below it are in similar circum- 
stances. The angle of slipping must be 
found by actual expenment, in every 

(40.) If a wall is to be built so as to 
bear up a mass of earth, it may be a 
vertical rectangular wall, or a leaning 
wall, or of a trapezoidal form having one 
sloping side. Between these forms a 
comparison may be instituted by taking 
the moments of the weight of wall, And 
the pressure of earth. Thus, if the wall 
A B (Jig. 48) support the earth BCD, 
end C D be the natural slope or the line 

Fig.4S. 




of repose, all the earth < 
the angle B D C will be pressing 
against the wall with a horizontal force 
P, tending to push it either forward on 
its base, or over the e^ A. Tbfl 
former motion will occur if the frietio 
of the wait on its base, added u>. t 
strength of the cemeDt at the UE 
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part, !■ not equal to the force P. To 
find the friction of the wall il is neceisaiy 
to know its dimenaioDB and the weight 
or a cubic foot of its material, as the 
friction is the product of the whole 
weight and the coefficient of friction of 
the substance (let page 106). The poBsi- 
bility of the wall being turned oyer upon 
its edge depends on the product of its 
weight and the distance of the edge A 
from the perpendicular Ag to the vertical 
fromits centre ofgrarily G, being less than 
the product of the pressure P of the earth, 
and the peipendiculai to its direction from 
the edge A. This it will be seen, sup. 

C-B the parts of the wall to bo so 
ly attached to each other as to form 
a solid uiass—a suppoaitioo which can- 
not be depended on in any case, as 
practice abundantly proves. 

(41.) When the wall is inclined, as in 
j%, 49, it is called a leaning revetment. It 
is certain that a much greater force will 
be required to overturn it, as its weight 
has so much more leverage. It is ad- 
visable, however, that the inclination of 
the sides should not be so great as to 
throw the perpendicular Gg without 

Fig. 49. 



with 8 base greater than the aummit or 
top, the slope or batter being extemil; 
this is a much stronger disposition </ 
the materials for the arm Af ; and, m 
consequence, the moment of Uie weUhl 
of the wall is greater ; the centre otm- 
vitj also is nearer to the ban ; it ■ 
certain that at the top of the wall theie 
is no pressure of earth, but the we^bt 
increases as the depth increases j thil 
will appear by drawing a section, j&. SI, 
ofthetriangleof earth ABC, BCbeiif 
the natural slope. If A a, equal to one- 

Fig. 51. 





the base of the wall m case of any 
failing in the earth and also because the 
earth would have more power to push 
out the lower parts if the mason^ be 
at all unsound 
(42 ) A sloping revetment Jig SO isbuilt 
Ptg 50 




third of the height be taken, the triai^ 
Aac of earth pushes against it, and no 
more; if A a be removed, that portion will 
slip away; considering the second portion 
a A of the wall, there are three triangles 
in the section aide, which would also 
slip away if the part a 6 of the wall were 
removedi finally, the lowest portion iB 
supports the five triangles of earth b B, 
Cd. We should naturally conclude that 
little or no thickness of maaonry ii 
required at the top of the wall, and tbs 
stability of the whole wall is mudi 
increased by lowering the centre of 
gravity (tee art. 7). These remarks 
receive an illustration in the fact that 
revetment walla in (ailing have frequently 
given way first by bulging outwards at 
about one third of the height of the walL 
Generally the foundation being well 
laid the sliding motion of the whole 
wall IS less m danger than its ovenet- 

(43 ) Some eiperimenta were tried by 
the direction of Col. Pasley* to deter- 
mine the actual powers of different re- 
vetments He used models of revel' 
ments of different Eiinds; and first tried 
what weight would overset the model 
by Itself this weiglit he calls its stability; 
then heaping up sliingle behind it, the 
weight required to overturn it (if any) 
measured Its stability under the pressure 
of the earth with a rectangular wall, it 

* Course of UQilar? ImtrDction, tdL S, 
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was found that its stability by itself fifth of the height of the models; in 

being 47 lbs., it required with the shingle some cases they were prevented from 

behind it but 30 lbs.; showing a loss of sliding forwards. One objection is to 

17 lbs. of stability; with a wall sloping be made to these experiments; the 

towards the shingle (Jig. 50 reversed^ models were not built up, but consisted 

the stability alone being 51 lbs.; with of wooden cases filled with earth, and 

the shingle it required 80 lbs. to pull it could not therefore properly represent a 

over; whence it would appear that the structure of brick or stone, 

weight of the earth on the sloping side (44.) M. Mayniel* published, some 

gave an additional stability of 29 lbs.; time since, an experimental and ana- 

but a sloping wall of the form shown in lytical treatise on this subject, in wlfich 

Jig, 49 lost by the application of the he gives, as the result of experiment and 

earth, its stability alone being 85 lbs., theory combined, the requisite thickness 

and with the shingle 77 lbs. Using a of retaining walls for the following dif- 

leaning wall, it had a stability of itself of ferent substances. The thickness given 

86 lbs., which was increasea to 110 lbs. is supposed to be for a height equal to 

by the backing of the earth. The unity: — 
sloping sides in all these cases was one- 



Material of 
Wall. 

Cut stone . 


Weight of a 

Cubic Foot 

ofWalL 

204 lbs. 


Common 
Earth. 

013 


Coarse 

Gravelly 

Earth. 

016 


Sand. Rubbish. 
0-26 017 


Clay. 
0-41 


Serai- 
Fluid. 

0-44 


Wet 
Earth. 

0-24 


Brick . . 


132 


016 


0-19 


0-33 0-24 


017 


0-54 


0-34 


Rough stone 


163 


015 


018 


0-30 0-22 


016 


0-49 


0-29 


Rolled flints 


178 


0-14 


017 


0-29 0-21 


015 


0-47 


0-27 



Thus, ifa brick wall of 30 feet in height gave way on one occasion, when some 
(if the material were according to the buildings were commenced near the 
above specific weight) had to sustain cutting ; the wall was dangerously driven 
gravelly earth, it must be 5*7 feet in inwards, and a number of iron girders 
thickness, or for sand 9*9 feet, or for were placed between the walls to give 
viret earth 10*2 feet thick. mutual support. 

(45.) Some walls are built with a The previous consideration of the 
curved slope or batter, as occurs in equilibrium and stability of walls, indi- 
some railway cuttings. This form, how- cate sufficiently the great importance of 
ever, tends to throw the centre of gravity gaining knowledge of this subject ; the 
forward, and the line of pressure througn question how to build a wall, is the 
the mass of the wall nearer to its exter- great question to be solved, when any 
nal slope. These are injurious conse- structure is undertaken ; proceeding 
quences. A wall of this description, without duly weighing the requirements 
built up against a clay earth on the of the walls, how many buildings, how 
Euston incline of the London and Bir- many public works have failed, wter the 
mingham Railway, about 26 feet high, builder's natural enemies, which were 
and having a thickness of from 1^ to 5^ mentioned in a preceding paragraph, 
bricks, as appears from the diagram, had exerted their quality-testing powers 

for some time I What has been said 
^^S* ^2. above relates to particular kinds of walls; 

before, however, concluding the chapter, 
it will be useful to take a view of a wall 
in a more general manner, applicable to 
such cases as piers and abutments. 

(46.) Ifa wall, abutment, or pier AB C 
I^ C/%-53), have to sustain a force F in the 
direction F C, it is required to find what 
effect will ensue, and what is necessary 
to sustain equilibrium. Resolve the 
force F into two, H and V, one in a 
horizontal direction C H; and the other 




* Quoted by Borgnis, Traits El£iiieiifnni 
d« Gonitruction appliqu^ k TAidf^ 
CivUe. Paris, 1828. 
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in a Yertical direction C V; the latter 
force, consequently, tends neither to 

Fig. 53. 




push the structure out of its place A D, 
nor over on the edge A ; the component 
H endeavours to do both. The resistance 
to horizontal motion will be the vertical 
forces producing friction, if the wall be 
supposed to rest on its base without 
cement, or the resistance is/x (WH- V), 
W standing for the weight of the wall, 
and/, as before, for the specific friction 
of the substances between which the 
friction would occur. If the structure be 
separated, the part above ground sliding 
on the lower, the first resistance to be 
overcome would then be cohesion of 
the cement or the substance of the wall 
itself, whichever possessed the less tena- 
city. Then the overturning force or 
moment of H, if the wall withstood 
sliding, would be H x A H, which, if 
there be equilibrium, must be equal to 
the opposing forces together, or 
W X Ag + V X A V. If the wall be 
rectangular, as A H C V, then the mass 
of it will be equal to the height, multi- 
plied by the thickness and the density of 
the materials, or AHx AVx density, 
so that a strain occurring horizontally is 
met by this quantity, producing friction, 
which expresses the opposition which 
the wall can aiford; the moment of 
inertia or resistance offered to an over- 
turning motion is the mass multiplied by 
the distance of the vertical through the 
centre of gravity, which would be one- 
half A V, and the product is ^ A V x A H 

X density. From this statement we learn 
that the resistance to a horizontal dis- 
turbance increases (with respect to 
thickness) as the thickness increases, 
but the opposition offered to rotation 
increases as the square of AV, or the 

' ickness. 



Chaptbb VI.— Tke Arck. — FUi Artk 
^-EquiUbrmm of different Formtr- 
Cmdomb^M View9^^ Rupture. 

(47.) The hiehlj scientific and beantifQl 
character of the arch, as well as its social 
utility, has enlisted many able mathema- 
ticians in the work of developing its 
rigid principles of equilibrium, and 
closely-observing practical men in ests- 
blishing the proper precautions to be 
taken in order to give stability and ele- 
gance to arched structures. However, 
the common theories of the arch are 
founded upon suppositions which prac- 
tice does not require, neither can obtain. 
An arch may be said to be a structure 
in which a line, drawn from the vertical 
to the centre of gravity, does not pan 
through the joints of the structures; 
they are of an angular, flat, or geneiaDf 
of a curvilineal form. An angular arch 
combines the most simple with the 
strongest form, as the thrust exerted can 
only labour at one object — the crushtng 
of the materials. It has proved useful in 
many cases. It is obvious that any force 
F (fig, 54), acting on the key-stone A, 
is met by two resisting pressures in the 
direction of the sides A B, AC, and be- 
comes a question of the equilibrium of 

Fig. 54. 




three forces. However, practically con- 
sidered, the force is not generally at F 
alone ; the sides are loaded, and some- 
times the top is not. 

(48.) The flat arch or plate-bande is 
a useful and very common form of arch; 
it is composed of a number of bricks or 
stones with inclined faces A B, a 6 (^g.55), 
the extremities abutting on walls or piers. 
By calculation it may be shown that the 
joints should be so inclined that the 
faces produced would meet in £, or the 
directions of the joints must meet in a 
common centre. The possibility of the 
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parts slipping, or of turning over upon given, what must be the form of the 
the edges A, C, B, is determined, by extrados DE. Also, the arch-stones 



Fig. 55. 



Fig. 56. 



^W 



5 





considering the weight of the half 
A B C D, acting through the centre of 
gravity G, and the thrust T, occasioned 
at the abutment AB, and also at the 
opposite part of the arch (at B C), by 
that weight ; whence it is easily shown 
that there is a limit to the span of this 
kind of arch, when the depth of the 
stones and the inclination A B c from 
the vertical of the last joint AB are 
given ; the span, when the last joint is 
inclined at 45° can be but five times the 
depth; if ABc be 30°, it can be ex- 
tended to 7i times the depth*. It also 
appears that the horizontal thrust at 
A B is not according to the depth B C 
of the arch, but varies as the square of 
the span. It would follow from this, 
that by adding to the weight of the arch 
its stability is increased, as it would be 
equivalent to adding weight to the piers 
supporting. 

(49.) In the curvilineal and most 
general form of arch there are many 
varieties of outline, and, of course, re- 
C](Uiring different calculations for their 
equilibrium. By the common theory of 
the arch the arch-stones are supposed 
to be uncemented and unaffected by 
friction, but to form a number of wedges, 
which by their mutual thrust, are sup- 
ported in their hanging form. With these 
conditions mathematicians have under- 
taken to determine what must be the curve 
AbC (or intrados) {Jig, 56), when the 
exterior profile D E (or extrados) is a 
straight line ; or if the intrados A 6 C be 

* Wc have the following equation to deter- 
mine the angle A B c (~ (2;, or the length of 
the arch (= 2 /), or the depth B C (= (^ •— 



being equal in size, what should be the 
form of the curve. 

(50.) In the first case, calculation 
points out a curve, A 6 C, differing from 
a circle, inasmuch as the radius A B is 
greater than C B; this result is obtained 
on the supposition that the pressures on 
the arch-stones are vertical, and the 
material equal in specific weight in all 
parts; neither of which conditions is 
obtained in practice as required. This 
figure, however, is useful : when practical 
circumstances are introduced, friction 
and cements added, we find its suscepti- 
bility to change of form by reason of 
irregular pressures, no longer a matter 
of fear to the builder. The centre arch 
of Blackfriars Bridge is 40 feet rise 
(B C), and 100 feet span (twice A B), 
and by comparison with the following 
table, calculated by Dr. Hutton, for an 
arch of similar heightand span, with an 
horizontal roadway, proves to be nearly 
the same in ^orm : — 



Ec 


he 


Ec 


he 





6-000 


25 


12-489 


2 


6-035 


30 


15-980 


4 


6-144 


35 


20066 


10 


6-914 


40 


26-894 


15 


8-120 


45 


35-135 


20 


9-934 


50 


46-000 



tan. a: 



v/ 



8 



(r»-rf-o 



a" 



6^ 



The above figure is drawn according 
to these measures. 

(51.) In the second case, if a portion 
of a circular arc be required for the inte- 
rior curve or intrados of the arch, it 
may be found that the stones and load- 
ing should vary as the cube of the 
secant of the inclination of the tangent 
to the horizon ; in the figure above, d e 
is the tangent to the curve A C at the 
point b, and its inclination to the horizon 
is the angle dcB; then, if the cube of 
the secant (ed) of this angle be found 
for different points, as C, b, and A» of 

L 
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the curve, we shall be able to draw the leM than the drde ; atfll it will iinalhr 
following figure, remembering that the run up to an infinite height at D. YHOk 

number found expresses the length or 

depth of the line cb. The extrados here ^*S' ^^• 

obtained sinks from the crown E 0%.57} J> 

of the arch until it reaches Fat about Z5^ 

from the vertical BE; it then takes a 

Fig. 67. 





sudden turn and rises rapidly, so that 
the arch stones or loading should vary 
as the line b c, or between F and D it 
should rapidly increase to infinity. It 
is thus evident, if this be true, that no 
disposition whatever of the weight could 
keep up a semicircular arch; such a 
figure could not be equilibrated; the 
lower parts A would be driven outwards; 
neither could an arc greater than about 
20^ on each side the vertical E B, be 
used with an horizontal exterior, or 
roadway; arches, however, have been 
constructed with level, or nearly level, 
extrados, of a circular form, even to the 
extent of a semicircle, and stood a very 
long time. Most of the bridges and 
other arch-works, still remaining to re- 
cord the wealth and science of ages 
passed away, are of a semicircular form. 



this figure it may be seen that about 45^ 
may be allowed with a nearly horizontal 
roadway, which is much greater than in 
a drcuuir curve*. The elliptical arch 
is, however, firequently used, on account 
of its elegance, and flatness at the 
crown, in a manner auite inconsistent 
with theory. Waterloo and London 
Bridges are fine examples of elliptiod 
arches. 

(63.) It may be also proved mathe- 
matically, that when the arch-stones are 
of equal Weight, the fieure of the arch 
should be tliat of a chain, when sus- 
pended loosely between two points, a 




! 
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(52.) According to theory, if the curve 
of intrados A C G be given a parabola 
{fig. 58), the extrados F E H must be a 
parabola also. If the curve is to be an 
ellipse A C G) be must vary somewhat 



curve called, in consequence, the cate' 
nartf^'t if, however, the pressure be not 
equal, an arch built of this form would 
be very unstable. Dr. Robison adopted 
a practical modification of it thus: — 
Supposing the span of the arch to be AB 
(^.60), the required height or rise about 
C D, and the roadway £ F to be hori- 
zontal, let the figure be inverted, and 
A 6 B a chain of uniform weight forming 
a curve which at first will be a true 
catenary ; then take pieces of chain 1 2, 

* The depth he (^ y) maybe found fior 
any point by the following formula : a»iemi- 
axis major (A H), h ^ temiaxia minor (G H)i 

and ar = C B. Then y 



f Catena., Lat., a chain. 



(h^af 
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^. -8 4, to represent the weight purposed to 
F be put on the arch, at equal distances, 
.1, 3, 5 ; these weights will alter the 
curve, pulling downwards the chain be- 
tween the middle b and the points o£ 
support, and allowing the middle' b to 
rise. If the ends be trimmed to the 
straight line (care being taken to keep 
^ the weights unaltered), the curve A 6 B 
.^in be formed, and give the true form for 
.the arch. It is said to have been adopted, 
on one occasion, for an arch of 60 feet 
'span and 21 feet rise. 

(54.) Coulomb made an excellent in- 
vestigation respecting the principles 
governing the arch, independently of 
any given shape of intrados or extrados. 
In this inquiry he considered the possi- 
bility of an arch failing, either by some 
parts opening and the stones turtiing on 
their edges, or the direct pushing up or 
down of any part of the arch, as the 
effect of any force generally liable to act 
upon it. The following figure will indi- 
cate the very natural conditions which 
he supposes. A portion or half of an 
arch A B D C, standing on A B, is kept 
up by a horizontal force F acting against 
the highest stone in the direction Fe, 

Fig, 61. 



push it along ab; also the least value 
.capable of causing rotation about the 
edge b, and the greatest value to with- 
stand the tendency to rotation about a. 
It is, consequently, indispensable to 
stability, that the values or intensity of 
the force F in these cases should be 
greater than the greatest, and less than 
the least value so found. 

First, then, to investigate the forces 
concerned in sliding. The agent tending 
to push the mass bCDa inwards along 
&a is the weight W of the mass, which 
through its centre of gravity G presses 
vertically downwards; it acts, therefore, 
partly against the plane a b, obstructing 
the niution, and partly along the face, 
which is effectual: so that if fh be 
taken on the direction of the weight W 
to represent the weight, and/g be drawn 
perpendicular to, and gh parallel with, 
ab, or a E, these two lines represent 
the relative effect of the weight on the 
joint; /g being expended in compressing 
the materials, and g A in the production 
of motion, and their ratio with respect 

to the whole weight (fh) is -^ and ^. 

Hence we find the force pushing the 
mass down a 6 is 




W X 



g± 



and the weight of its arch-stones ; the 
force F answers to the thrust of the 
opposite half-arch; and it is required, in 
order that A C D 6 may stand, that this 
force should not be so great as to push 
It over, or backwards, nor allow its 
weight to overcome, and drive it inwards. 
Suppose anyjoint, as a b, be taken. Then 
the force must prevent aD Cb from 
sliding along the joint in the direction 
ab, that is, outwards, or along ba, or 
inwards ; neither allow it to turn over 
on the inner edge a, nor push it round 
over the upper edge b. When the force 
F is obtained he finds the greatest value 
required to prevent the sliding down of 
ba, and the least- value necessary to 



To oppose this there are, — F, acting 
obliquely against the joint a b, and the 
friction arising from the pressure of F 
and fg on the face of the joint. The 
force Fmust be resolved similarly to the 
weight W ; i£ ab be produced to c 
where Ye produced meets it, and ce 
be taken in magnitude to represent F, 
then c d, drawn perpendicular to a c, and 
e d, parallel with it, will indicate the mag- 
nitude of the force in those directions, 
and the ratio each bears to the original 

force F (c c), is shown as before, 

- c e 

ed 
and — , — the former merely com- 
c e 

pressing the materials, while the latter 
pushes in the direction ab, or the re- 
verse to the direction of g A, which is 
b a. Then the first part of the opposing 

force is F X . 

e c 

The second part, or the friction, will be, 
of course, the effect of those components 
of the resolved forces W and F, which 
act perpendienhnr to the surface of t^ 

L 2 
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, , fa^dc Brisins from the cohesion of the tn 

arch-stones at a 6 ; these are -^ and — gurfeceB in contact at the joint •». TOi 

will be according to the quantity of m- 

— these bring into oi>eration the peculiar ^j^j^ ;„ contact ; and as every sabstiBR 

or specific friction of the substance jj^ jj, specific cohesion, like frictiofc 

composing the arch-stones, so that the ^^ ^^^ elements must be multiplied 

coefficient of friction multiplied bv the together, whence this resistance is 
actual pressures gives us the actual fnc- u • ^ _£. 

tion ; thus we have for this second part cohesion X surfiicc. 

of the opposing forces We learn from this analysis of the fbrceii 

(r ^^v that to sustain equilibrium the disrupCme 

W X*^ H- F X — ). force acting along ha must not exceed 

/^ ^^^ the resistances enumerated; gathenf 

In addition to these resistances there is them together we should have fbr eqii 

anotlier, little understood, namely, that librium 

Wxi^ = Fx— 4- frict. X f W x-^+Fx— ) + cohes. X surfiwe. 

fg ec \ fh eef 

We now have that value of F in this ^^ 

equation which will prevent the portion if F x — be too great, it will moie 

of the arch aT) Ch from sliding down ^ ^ 

a hy but it must be remembered tnat the the mass up on the joint ; to do m^ 

value of the force F, if too great, that is, however, it must overcome 

W X 1^ + frict. Cf X — + W X -^^ + cohes. x surface. 
fh \ ec fhf 

The least value of F necessary to over- power to make the arch-stones slide, 

come this resistance, or to turn the part it being perpendicular to the sorfiKe 

of the arch over the edge at 6, is here Similarly with the weight W, represented 

shown. hy/A (or cE), the higher the joint the 

The magnitude of the component greater will be £ F in comparison with 

forces cd, de, and fg, gh, does not Fc; and £ F corresponds to j^A^ortbe 

continue the same for all the joints; cd, power of the weight to make the stones 

for instance, will be less as the angle slide, so that at C D» c £ (representing 

ced becomes less, which it will do as the whole weight) it would be equal to 

each joint below a 6 is the subject of F E, or the stone would be ui^ to 

calculation, and greater with each joint slide with all the force of its wdght— 

above a 6, until, at CD, cd becomes this we know to be true ; and the Tova 

equal to c e, or the whole force is effect- the joint the greater would F c become^ 

ive. The angle gfh follows the same or fg — the force exerted perpendicolar 

law of decrease and increase ; but it to the joint — would increase, until, it 

may be easily shown by geometry that A 6, as we are well aware, the whole 

the triangles ce/e,/g A, are both jsimilar weight would be perpendicular to the 

to the triangle c E D, the angle at E being joint, or fg would become equal to fk 

equal to the angle dee, and the angle or Fc equal to c E. 
ff hf equal to the angle D E c, so that We have now considered the proba- 

the sides of the triangles are proportional : bility of any sliding of the parts of an 

thus the effects of the forces may be arch in consequence of its weight or the 

represented by F E and F c. From this horizontal force applied at its crown; 

it will be plain, that as the ^elevation of the remaining, and most possible mov^ I 

the joint a b, or the angle it makes with ment that may occur, is a turning of 

the horizontal line is greater, so will the some one or more arch-stones on the 

vertical force of F on the joint increase, edges of the stone immediately below it; 

that is, F E (cd) will become of greater this can be readily estimated by the 

value as compared with Fc (or de), principle of the moment of forces (art 5, 

which is that part of the force tending Eq. Struct). Producing the forces F 

to push the stone along the joint; finally, and W (fig. 62), perpendiculars tur &*', 

at C D, where the force F is perpendi- ay by', may be drawn from the inferior 

cular, we know that the lines c E and superior edges of the stone; for about 

C E would coincide, that is, c F would one of these the rotation, if any, must 

'*«appear, and the force would have no take place. With respect, then, to a I 
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^ falling inwards of the apper part ab CD, 
^ or rotation about the joint at a, the 

; Fig. 62. 




force tending to produce it is the weight 
of the mass W, and its actual moment 
of effectiveness depends on the arm by 
which it acts, or on a x, thus the mo- 
ment of rotation about a is W x a jr; to 



oppose this there is the force F, acting 
with the arm ay, or ¥ xay. There is, 
however, a resistance arising from tiie 
cohesion of the cement, or adhesion of 
the surfaces ; what this is, is not very 
certain, but it has been supposed to vary 
with the distance of any adhering point 
from the point at rest (or a). By the 
calculation in the note it may be n)und 
on this supposition to be equal to ^ X 
adhesion X square of the length of the 
joint ab*. This, added to the force 
Fxayy is the whole resistance to the 
action of the weight, or W x ax* The 
greatest value of F, therefore, which 
will prevent the overturning, must be 
taken ; it may, however, become so 
great as to drive the mass over the edge 
b. In this case the moment will be 
F X bi/, and the resistances are 



W X A* + i X adhesion X (length of joint)'; 



and the least value of F must be found 
which will affect this movement ; this 
value being the greatest admissible. 

Thus Coulomb estabhshed the con- 
ditions of disrupture for sliding or rotat- 
ing about some of the edges ; the calcu- 
lation, however, is for one joint only, 
and would have to be repeated for each 
joint, making such a process very labo- 
rious. 

(55.) The most useful and certain 
source of enlightenment concerning the 
manner in which forces act in the arch, 
is the rupture of arches by sliding or 
oyertuming. Much has been learned 
by attending to cases where arches have 
either settled (or slid, until the forces 
equilibrated,) or given way under their 
own or extra pressure. According to 
the above investigation we may conclude 
that if the force F, or the thrust arising 
from the opposite half-arch, be unequ£d 
to the effort of the weight W, even after 
allowing it the assistance of the friction, 
then a sliding will occur ; if the crown 
be too heavily loaded, W increases, and 

Fig. 63. 




may overcome, unless the inward pres- 
sure at the lower parts A (Jig. 63), or 
haunches, is sufficient to withstand it; 
if W be too great the crown at B will 
slide downwards, pushing the haunches 
A A outwards. 

On the other hand, if the haunches 
are of too great a weight in comparison 
with the weight of the crown, the arch 
will give way by the expulsion of the 
crown, and the inward motion of the 
haunches, until the whole falls; this 
occurred with a fine bridge called Pont 
y pryd (the beautiful bridge), built by a 
self-taught mason, William Edwards, 
over the Taaf, in Glamorganshire ; when 
the arch was completed the crown was 
forced up and the haunches slid inwards; 
he rectified the structure by making 



* If an elementary portion dv of the joint 
abfhe taken, its distance from the edge a 
being equal to v, the resistance of the element 

V 

will be — C dv, C expressing the specific ad- 
hesion of the substances, and I the length of 
the joint ; the moment of this rei^tance will 

V 

be -GdvXv, and the sum of the moments of 

V 



all these small resistances will 



mbe/^ 



Cdvxv 



zzjlv^dv, this is readily integrated, and 
its value may be found for the whole length of 
the joint, or - y v^dvzz^Ct^, the whole 
adhesion. 
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three holes in the lower parts, which 
greatly relieved the upper parts from the 
pressure. The improvement is shown 
m the figure by the dotted circles. This 

Fig. 64. 




derangement evidently results from the 
insufficient value of W, or the arch- 
weight, at the higher portions, in com- 
parison with the lower. 

These two cases include the chances 
of sliding among the parts of the arcli, 
but the rotation may arise from similar 
causes. The general appearance of 
these movements are shown in the fol- 
lowing figure. Sometimes an arch will 
open at the under side of the crown, or 
A; the stonOs turning about their upper 
edge, this is accompanied by a corre- 
sponding separating of the arch-stones 
on the outside at some distance from 
the crown» as B; while at the abutments 

Fig. 65. 



view to determine when and where 
movement should commence. Dr. Bo- 
bison tried some chalk models, loading 
them until they fell. The phenomena 
occurred as the last figure represents; 
there was always a chipping or cmshiiig 
of the inner edges of nis model ardw 
stones between B and A before the 
arch fell ; and he supposed that, to exhi- 
bit the propagation of the pressure, i 
straight line should be drawn from the 
upper edge at A, where the stooei 
touch, through as many arch-stones u 
it will pass without cutting the intcml 
or external surfaces ; along this line the 
pressure is supposed to act, but btar 
calculations have given it a curved fon^ 
as shown in the next figure. Here the 
dotted lines indicate the line of presiun 
in both cases: where the pressure os 
the crown is increased the line of pres- 
sure rises until it touches the evtrados 

Fig. 66. 





C, the motion is similar to that at A; 
the upper parts consequently are thrust 
inwards, while the haunches, turning 
round their external lower edges, fly out-*- 
wards; this is owing to the excess of 
the weight or loading at the crown, 
while the parts B C are insufficiently 
heavy. 

The motion may occur in the oppo- 
site direction, that is, the parts at A, 
turning upon their lower edges, may be 
impelled upwards, while the haunches, 
turning about the edges C add the outer 
edges at R, fall in. 

1^'Xperiments have been tried with a 



of the arch at C, sinking to the intrados 
at a a, and again meeting the extenil 
face at D ; if the weight cause it to psss 
beyond the edge of the arch-stones, then 
the arch will open at B, b 6, and A A, 
the edges at C, ff, and D sustaining the 
pressure. Increase of weight at 6 6, wiD 
raise the line at those points, depressing 
it at the crown and the abutments; AiB 
b A will therefore be the limit of the 
change, so that the arch may stand ; if 
greater, the arch will open at G and 
about a a, and D E, the edges atB, bb, 
A A, propagating the pressure. 

An admirable observation of M. Per* 
ronet, when building a bridge at St 
Edme de Nogent, testifies in favour of 
this view. He drew on the face of the 
arch -stones, while the bridge was build- 
ing, three lines, — one horizontal, over 
the crown, and the others, joining it, 
passed over the face of the stone-work 
to the abutment ; when the (Centre was 
removed, the horizontal line sank 
through its whole length, but most at 
the key-stone, while the others moved 
inwards at the upper part> and curved 
outwards at the lower, similar to the 
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line C a D ; the setdement of other 

arches has exhibited a similar move- Chapter VII,—BEiiH>K8.—«o»«f, Wood, 

"''^'' T> u- . 1 1. .• i. <"*<i Iron.— Stone.- — Fomu of the 

Dr. Robison took an observaUon of ^^^, _ Fo„„d„tioni. - Pier, and 

an arch which fell by the rotation of the Abutmentt.-Laying the Arch-courte: 

arch-stones on each other ; he remarks Spandreh.-Thichneu of Key-tlone. 

that some time before it fell chips were Isridge, of London, Chttter, Dora 

observed to drop off from the joints ^ ^l gSma. TrinUa, ^c. 
about ten feet on each side of the crown, 

or about half-way between Band II (I^t (5^) ^^ conclude, from a theoretical 

&ure) ; the joints at B, ^ 6. and A A, examination of the principles of the arch, 

then opened, and chips dropped from that it is a very delicate structure, which, 

the points a a; immediately afterwards ^j^^ ^ very small variation in super- 

the crown sunk, the haunches rose, and ^^^i ^^^^^^^ ^^^^^ ^^^^^^ ^^^ ^^„^ j„ 

as soon as the edges at C were broken ^^^^^\^ ^.^^ would be a thing, when 

off, the arch fell in pieces. In this m- built, only to look at and admire its 

stance the curve of pressure evidently gracefulness of form, but not to touch, 

changed its position as the destruction of ^^^^^ ,^53 ^^ g^^^j^ ^ ^-^^^ ^^^^ 

the edges went on at first touching the tjn^,,, j ^^^^ j^^ ^x^aXc^, how- 

mtrados, midway between B and a, but ^ver. tells a different tale, and reveals 

as these edges gave way, the point of ^x^e wonderful capabilities of the arch, 

contact was carried farther down, finally insomuch that often, where a solid 

assuming a form probably similar to the piece of brickwork or masonry might be 

"S/r /? I u J • 1 employed, relieving arches are preferred. 

M. Gauthey observed a similar pro- ^ot merely because of the saving of 

cess, when he tried the experiment with ^^aterial, but for the superior strength 

a bridge which was to be destroyed; it obtained. Thus the arch, if constructed 

separated in falling into four parts, the ^j^h any moderate amount of care and 

edges chipping at fl, «, before the final knowledge, is a very stable structure, 

movement. M. Boistard and others (57.) j^g ^^^^ ,„ consequence of 

expenmented with models to discover t^^se well-known qualities; is very 

the points of rupture, and the results general : it is, however, in bridges, 

obtained are these :— that the arch has been so much studied. 

In semicircular arches the points of in a bridge, by which is meant a struc 

rupture were at 30° from the springmg ture spanning a river or other obstruction 

or abutment. , to intercourse between places, there are 

In oval arches, the figure being made g^ j^any circumstances calling for the 

of three circular axes at 50° from the exercise of skill in arch-building, that 

*^ «?™l"i' measured on the smaller circle, bold attempts have been made to try to 

With flat arches, the point of rupture ^heir limits the strength of the materials 

was at the spnnging, which also occurred and the ability of workmanship ; various 

in the circular arc, the height of which materials have been suceessively tried 

was less than one-quarter of the span. jn ^rder to surpass, if possible, former 

In all cases the whole mass of the ^o^ks; and various forms adopted to in- 
arch tended to separate into four por- crease convenience, or add new elegance, 
tions, turning on the extrados at the xhe materials now in general use for 
springing and crown, and opening at two building bridges are stone, brick, wood, 
intermediate points. ^ ^ and iron. There are advantages and 

Gauthey made a calculation of the disadvantages in each substance, but 

position of these important points m the gt^ne has the preference, for convenience 

arch, taking the span at 65J feet (20 jn working, durability, and neatness of • 

metres), and the thickness of the arch appearance, taken together; brick is a 

at the crown SJ feet, with a level extra- ^ost useful material, nevertheless, and 

dos or roadway. jg niuch used for bridges over canals, for 

rupture. Small roads, and the numerous arches 

Semicircular arch . . 27° which are required for the passage of 

Flat arch, rise = J of the railways, but there are disadvantages 

span .... 45 known to the practical man. arising from 

Do. rise:= J do. . 54 the form of brick, which is unsuitcd for 

Circular arc of 60°, on piers voussoirs; while the inner edges meet. 

16'4 feet high . . the outer must necessarily be somewhat 
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apart : this deficiency is made up with must be equal to half the span, which 

mortar, which is, unless very good, an would give either an insurmountable 

unsafe substitute, requiring considerable inclination to the roadway, or require 

time before it dries; the porosity again approaches to be made of an ezteosiTe 

of brick militates strongly against its use kind. We may observe in some old 

in situations where it would be constantly bridges the great rise of the roadway, 

exposed to water. The superiority of owing to the loftiness of the semicircular 

stone, however, is limited to the form arch bearing it; Pont 7 pr^d exhibits a 

of arch where tlie parts are sustained by very elevated extrados (see Jig, 64, last 

a mutual crushing force, as in ordinary chapter); in Blackfriars Bridge, which is 

bridges ; where a tensile force is likely nearly of a semicircular form, the rise 

to occur, stone is dangerous, from its being 43 feet for a span of 100 feet of 

brittlencss and frangibility; wood and the central arch, the roadway presents 

iron then becomes invaluable, especially a gradient or rise of 1 in 15- West- 

the latter. Wood is very extensively minster Bridge formerly supported an 

used for bridges, being generally easy to equally steep roadway, but it has been 

obtain, and is readily worked; its defects, reduced to I in 24. 

in comparison with stone, are the changes The form of arch denominated flat is 

likely to be produced by alteration in either a half ellipse or a figure somewhat 

the heat and moisture of the atmosphere, resembling it, made by several arcs of 

and its endurance. Wood also is destroyed circles put together; the latter method 

by animal and vegetable agents ; but by is preferred for the greater room afforded 

preserving processes, the wood is forti- to the water current. The curves thus 

fied greatly against these destructive made up are drawn by three arcs of a 

influences. Iron is a material, the value circle, if the height of the arch is above 

of which was little known some time one-third of the span ; if less, a greater 

since, neither is it fully understood at number. Ferronet used twelve arcs to 

f)resent : its utility in bridge building make the curve for the Neuilly Bridge, 

las been sufficiently shown of late years; the height being one-fourth of the span, 

it being highly tenacious, and capable of The bridge formed of such arches 

resisting great crushing pressure, fits it allows of a low and level roadway, 

for all kinds of bridges, and where stone at the same time requiring but few 

would be useless. Its great liability to arches, as the span, may be great. In 

oxidize or rust much injures its value, the bridge just alluded to, the height is 

although by giving it a protecting coat, 31| feet, for a span of 127 feet: had this 

such as of paint, this evil can in a great been a semicircular arch of the same 

measure be remedied ; it is also liable to span, its height would have been 60 

a great change ofbulk, owing to variations feet, or the roadway at the crown 30 

of temperature, the expansion in length feet above its actual position. In addi- 

of a cast-iron bar, 100 feet long, being tion to these important particulars, the 

Ij- inch between the freezing and boiling appearance of the low arch is eleganL 

points of water. The introduction of A great number of bridges have been 

iron for bridge building has brought into executed of late years, in which a simple 

practice an elegant, and, at the same time, portion of a circular arc has been taken 

a most invaluable form — the suspension for the figure. Some of them appear 

bridge. In this chapter we shall de- well ; but others, on account of their 

scribe the practice of building in stone, abruptly starting from the abutments, 

with examples of good stone bridges. when these stand up high out of the 

(58.) Various forms are given to the water, are not pleasing to the eye. 

arches of stone bridges, elegance and a Where the springings of the arch are 

level roadway being the chief consider- below the water, a considerable portion 

ations. There are three general kinds, of the waterway is blocked up, and the 

namely, the semi-circular, the fiat arch haunches become very bulky; this latter 

of an elliptical form, and arches of arcs evil has been compensated by filling 

of circles, variable in magnitude. Of the them up with light earth, or small 

first description are most of the ancient arches. On the other hand, if the 

arches ; generally they are not very springing or abutments be raised out of 

graceful in appearance, and have the the water, and the roadway is not to be 

credit of obstructing the current to a raised, the arch must be low, or very 

considerable extent: they cannot be of flat; in that case the horizontal thrust 

very great span^ because their height of the masonry is very much increased, 



EQUILIBRIUM OF STRUCTURES. 



and the crown mare liable to sink. The 
bridge erected over the Dee at Chester 
is alarge arc of 200 feet apan, and the 
rise 42 feet; the great dimensions are, 
however, the principal points of interest; 
had the springings been highec, which 
would have kept them out of the floods, 
the appearance would have l>een much 
more agreeable; or still more so, had 
the curve been elliptical*. The bridge 
of a single arch of 147*63 feet span over 
the Dora, near Turin (see fig. 77). has 
a rise of only I8J feet, although the 
springings are in the way of floods, but 
the flatness and consequent lightness of 
the arch, with its architectural simpli- 
city, constitutes it an elegant object. 
A French mode of saving the appear- 



ance of the arch springings dipping in 
the water at high tides has been, in 
some cases, adopted. While the general 
body of the arch springs from beneath 
the surface of the water, the archivolts, 
or arch -stones of the faces, form a 
segment of a circle whose springings 
are at a considerable height on the 
piers. PerroQet, in the Neuitly Bridge, 
adopted this method ; his elliptical arch 
was marked by a front arch, of a circular 
arc, having a radius of 160 feet. The 
Gloucester Over Bridge, built by Tel- 
ford, is an elliptical arch of 150 feet, but 
the outer faces are formed by the arc of 
a circle of 220 feet radius. Fig. 6? 
exhibits this arrangement. It has been 
thought by Telford that the opening is 




thus altered " into the shape of the 
■" i pipe," suiting the 



traded p 



s the " flat 



of the water, and thus 
:rface opposed to the 



t of the river whenever 

rises above the springing or middle of 
the ellipse."! Perronet also considers 
that the introduction or pass^e of the 
water is facilitated. However, in any 
form of arch, the care exercised to give 
free passage to the water is well spent, 
as many bridges have been destroyed 
througli neglect of this particular. 

(59.) In building a bridge, after a 
suitable site is determined, and the bed 
of the river examined, both as to its 
variation of surface, and the state of the 
bed, the next and most important work 
in the whole structure is, laying the 
foundations for the piers and abutments. 
Tile piers must have a foundation suffi- 
ciently strong to support its own weight 
and tliat of the two half arches resting 
upon it: this strength may be obtained 
by a small base or foundation if the 
earth on which it stands is strong 

• Hoiking (Practical Trwtiie), in Thi 
Theory, Praclice, and ATchilteturt ^ Bridya. 
Linidim, 1843. 
t Telford'! Life and Woiki, p, 261. 



enough, or, if the soil be weak , the base 
must be proportionally larger. The 
earth under the stream on which the 
foundations for piers are laid must be 
well examined, not merely superficially, 
but for some depth, as a sound seat for 
the masonry must be obtained; and 
although the superficial earth may ap- 
pear good and firm, it may continue 
only for a very small depth. On a 
French railway a viaduct was built 
apparently on a good base of clay, yet 
some of this being dug out to make way 
for a layer of concrete (a mixture of 
lime and gravel), and the pier erected 
thereon, it was proved by the falling in 
of the viaduct at this part that the earth 
was insecure i beneath the clay bed, 
which was not thick, it appeared there 
was one of sand, and the cutting away 
a portion of the bed for the concrete 
completed its weakness. In some cases 
the ground is rocky, and the engineer is 
much assisted in his work ; but where 
movable sands or muddy beds are pre- 
sented for the foundations, great skill 
and labour is required to form them. 
Where bridges are thrown across roads 
or other localities where they are not 
affected by currents of water, a lavei 
wliich forms a hard ana fl 



xscKurars. 
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counteract the action of the water. The 
principal pilea A A vere 35 feet long. 
the depth of gaod being very great; the 
sand was eicavated by a large spoon 
for a depth of 3 feet between the piles, 
for the clay and rough atoneworlc. A 
considerable portion of the work was 
done by the protection of a diviog'bell 
in an admirable manner'. 

To give additional strength where 
there was any doubt, inverted arches 
have been used, spanning from pier to 
pier, which were laid on a course of 
planking ; this plan was adopted by 
Telford, who also, for a base, laid 
courses of rough large stones on their 
edges extending along the whole length 
of the bridge, and forming a thick pave- 

(60.) Much of the foundations is 
aometimea done under the water, and, 
notwithstanding the apparent difficulty 
of thus working in the dark, excellent 
foundations have been laid for various 
works under water, the stones being let 
down and the spot noted or found by 
probing with a rod. An old method of 
laying the foundations was by the use of 
a ratter, bearing a quantity of masonry, 
which was floated to the proper place 
and then sunk; this was modiiied into 
the caisson, a large chest capable of 
supporting many tons of stone-work. 
Westminster Bridge was thus built up 
to the water level. Sometimes, where 
the circumstances permitted, a new 
channel has been cut out for the river, 
in which the foundation could be easily 
laid. The most expensive and difficult, 
though necessary, method of proceeding, 
is the construction of colFer-dams. 
These are formed by a double row, at 
least, of piles, reaching above the water 
line, between which a puddle or filling- 
In of earth is closely packed ; the water 
In the space inclosed is then pumped 
out by a steam engine, and the opera, 
tions call be carried on under this 
shelter. Fig. 70 exhibits a section and 

Elan of part of the coffer-dam used In 
uilding the London Bridge) three rows 
of piles AAA, about 50 feet long, 
and shod with iron, were driven into 
the bed of the river, and Urmly bolted 
together, and the space between B B, 
filled or puddled with clay ; struts a a, 
were introdut^ ietween the rows of 




supported the piling in I 

space. The line H. W. M. denotes liigh- 

(61.) The piers thus commenced 
should have their foundations ofa larger 
area than the body of the pier ; the beat 
arrangement of a pier is a broad base 
with a superstructure diminishing in a 
curved line to the springing of the arch. 
It Is recommended that an offset or 
projection of 6 inches for each course 
beyond that above it should be given 
for the first 4 feet in height, and in the 
first and second courses the stones are 
generally larger than in the overlayers) 
the piers are solid throughout, the 
blocks of itoue being secured by cramps, 
cement, &c., and the ends provided with 
angular projections for cutwaters; these 
necessary guards to the piers, to prevent 
any destructive effect from the concus- 
sion of floating masses, as ice, and large 
vessels, are generally formed by a pot. 
tion of a circular arc, Smeatoo recom- 
mends two arcs of 60° each, as beat 
suited tO'divide the current; some have 
recommended triangular and semicircular 
forms. In Telford's bridges the triaimiliu' 
form is principally used. The 

eighth to one-seventh of tM ■ 
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nrcti in thickness; those of the Neuilly 
Bridge are one-ninth only ; the piers of 
Waterloo and London Bridges under 
one-sixth of the span, and Westminster 
and Blackfriars Bridges reach so great a 
thickness as one-fourth of the span. 

(62.) Great care is bestowed on the 
terminal supports of bridges, or the 
abutments. The mass! veness of the piers 
has been less considered, because they 
have been supposed to transfer the 
thrust, and not sustain it, whereas the 
abutments have no similar horizontal 
support; they are therefore made of 
great weight, and, generally, in the best 
specimens of these structures, arranged 
with a view to convert the horizontal 
into a vertical thrust, or to transfer 
much of the pressure to the base of the 
abutment, where means are provided for 
sustaining it. 

Where the abutment of the terminal 
arches of a bridge is on solid rock, little 
trouble is necessary ; but, as is generally 
the case, should the site present a loose 
and compressible bed for the masonry, 
piling and platforms must be used. The 
material of the abutments is generally 
masonry or brickwork, and they are of 
such a weight as to require no aid from 
the earth behind them. 

The thrust sustained by the abut- 
ments varies much with the form of the 
arch ; thus semicircular arches give less 
horizontal pressure than elliptical or flat 
arches, and these again less than those 
formed of a small segment of a circle ; a 
great portion of the vertical pressure 
arises from the filling in of the spandrels 
or space between the haunches of an 
arch and the roadway. This welglit can 
act serviceably only in assisting the 
abutment against a sliding motion 
through the thrust of the arch ; other- 
wise it acts injuriously in overloading tlie 
foundations, and is not compensated 
by the former effect, for the courses of 
stones are frequently laid in a radiating 
direction, which is highly beneficial. In 
an elliptical arch the direction of the 
greatest thrust is when the tangent to 
the curve of the arch is about 60° to 
the horizon; it is at this point that the 
curve turns most rapidly, so that the 
abutments are recommended to start 
from this point, the surfaces or faces of 
the abutment stones being kept at right 
angles to this tangent line, down to the 
platform or base. In many cases the 
courses of the arch-stones are carried 
on through the abutment; the following 



figure represents an abutment d a 
bridge over the river Ribble (Lancashire). 




The arches are elliptica] and of 120 feet 
span, with about 32 feet rise. The arch 
proper suddenly turns, as usual in these 
arches, at A, or where the tangent to 
the curve is about 60° inclined to the 
horizon; here the internal arch B begins, 
carrying the thrust from this point to C, 
or the foundation, which lies on a rocky 
bed : a great deal depends on the set* 
tling of the masonry ; but if the settle- 
ment happened to be less in this addi- 
tional arch than the other portion of the 
abutments, a great pressure would be 
exerted on the small base which C pre- 
sents : in this instance, if the settlement 
be equal, the pressure will be divided 
between the segment B and the front 
part D of the abutment. In some 
bridges the arch abuts on masonry with 
a face inclined similar to the arch-stone 
meeting it, and the faces continuallj 
approach to the horizontal towards the 
foundations : this is the case with London 
Bridge. This complete and instructive 
bridge presents a very general example 
of bridge-work ; one of the abutments is 
shown in the following figure. The 
elliptical arch A is met at B by the 
masonry of the abutment ; the courses 
are gradually inclined and extended, so 
that at the base C D the face is but a 
few degrees inclined to the horizon ; the 
last course lying on a platform of 
carpentry, which finally rests on the 
levelled heads of the piles ; the space 
between them is strengt!hened to a little 
depth by made ground, and they are not 
driven vertically, but somewhat inclined, 
so as to be perpendicular to the face of 
the lowest course; this gives them 
much greater effect; behind this mass 
of solid masonry is an overlaying bed of 
concrete £, against which the common 
earth was thrown up. This enormous 
mass of stone-work is, as seen in the 
following figure, at the lowest course, 73 
feet from the large pile C at the foot of 
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the arch to Uie opposite extremity D; great» part of the abutment is below 

■ome of the interior foateniugs of stone the level of high water, which is shown 

to stone are sbown, the shaded parts by the lioe U. W. M.; this is 34 feet 

running up from the fouadations. The above the foundations. 




Many bridges have been built where 
the abulment courses are thus radiating ; 
the great Chester Bridge piesenCa a 
similar order; except that thece is but a 
small approach to the horizontal in the 
lower coucses, in comparison with the 
section of the London Bridge abutment; 
backing those inclined courses is a small 
arch, under and beyond which the 
courses are laid iiorizontally ; the abut- 
ments of this bridge had the advantage, 
for the most part, of a rocky bed. In a 
great number of cases, however, a com- 
mon horizontally laid mass of materials 
is supplied to the arch; this method 
allows of all the chances of fracture be- 
tween the courses of stone to a great 
extent, as. when the arch abuts in a 
direction near to the horizontal, o very 
small portion of the thrust tends to 
press the courses together, — it is exerted 
in tearing them asunder, because no 
regard ia paid to the extent of the angle 
of resistance. The bridge of St. Maience 
presents an example of this form ; the 
arches of this bridge being small seg- 
ments of a circle, and springing from 
the abutments at an angle of about SO" 
only, appear almost to be huge lintels, 
and with a mass of stonework spanning 
?6feet6inches, exert an enormous thrust 
nearly horizontal ; to meet this there is 
a quantity of masonry, extending about 
C4 feet inland from the springing of the 
arch, 34^ feet high, and 40 faet wide, 
independently of the indirect assistance 
of the side works. ' All this masonry is 
laid in horizontal courses; less material, 
disposed so as to make the cransirion 
form a direction nearly vertical to the 
horizontal, and giving a spreading base 
to distribute the pressure on the founda- 



tions, would have been more in accord* 
anee with mechanical principles. 

It would appear, from observing the 

most recent practice in bridge building, 
that far greater massiveness is given to 
the substance of arches and their sup< 
ports than is required. Some engineers, 
considering that each arch should stand 
of itself, have given but a moderate 
mass of abutment, and large piers, in 
comparison with others, who have 
allowed small piers, and supposed that 
there must consequently be an accumu- 
lation of pressure for the abutment to 
bear. Some very old bridges are quite 
monsters in this respect; appearing to 
be all support with very little to be 
supported; a river would sometimes bo 
nearly dammed up with stonework in- 
tended to bear the weight »{ a number 
of arches, varying in size from one grand 
arch (probably TO feet span, as in Old 
London Bridge), to openings which 
appear like the venta of a sewer. The 
advance made of late has been very 
great in this respect, but the call for 

Suick and cheap, yet strong work, which 
lere has been through the extension of 
railways, shows that much more may be 
done with materials than architects have 
hitherto supposed. The foundations of 
some railway bridges are, in comparison 
with former practice, exceedingly slight, 
yet they support the railway under the 
pressure of enormous weights,— weights 
also moving with high velocities, and 
producing a destructive vibration. A 
fine arch carrying the Great Western 
Railway over the Thames at Maiden, 
head, reaching over a space of 128 feet, 
rests on benches lying simply on the 
clialk stratum. In some bridges, the 
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abutmenti ore imaller than usual, aoA 
eount«rforU or buUreBseK are placed 
Bgaipst the back part of the abutmeat to 
■trengthcn the support. In the Chestet 
arch the principal part of the abutment 
eitends about 40 feet inwards from the 
springing; more masonrj' is added, but 
it is lightened bv the introduction of a 
small arch, 20 feel «ide and 35 feet 
hi|;b, W lie re the foundation is very 
solid, little or no masonry except a con- 
tinuation of the arch is required; in an 
ancient bridge which stretched across 
the river Adda, at Trezzo, Milan, the 
arch-courses abut on the rocky banks of 
the river) this was not a small arch, for 
it appears to have been an arc of about 
140°, having a rise of nearly 8B feet, and 
the enormous span of 251 feet. 

{63.) When the centres are erected, 
the laying of the arching courses begins 
on each side simultaneously; the first 
row or course of stones laid on the piers 
is the tpringing course, the upper 
face being cut in Che direction of the 
Radius of the arch, to form a properly 
inclined bed for the regular wedges of 
the arch. Sometimes an attachment is 
made between the springing and the 
next superior course, as in the Dora 
Bridge. The upper courses are laid 
either directly with mortar spread evenly 
over the faces, or, where particular care 
is taken, lead or iron is sometimes 
inserted to keep the proper form or give 
an even bed for each iitone; these, as 
well as other peculiar circumstances, 
will be illustrated in a few subsequent 
descriptions of bridges, which are always 
highly instructive; m some cases the 
arch-stones have been laid dry; and 
being then accurately placed, the joints 
have been filled with mortar after all 
the courses were laid. Great care is 
taken in giving the arch-stones the 
proper inclination, so as to form wedges 
fitting each other closely ; the exrernal 
or facing stones being generally cut so 
as to meet the horizontal masonry be- 
tween the haunches (or the spandrel) 
neatly; sometimes tile radiating order is 
carried up lo the cornice or upper part 
of the bridge, but the appearance is not 
nearly so proper for such a structure, 
especially where large arcs are used, 
giving a great depth of tlie spandrel ; 
this is shown in Westminster Bridge ; 
the spandrel or space between the pier 
and roadway is sometimes filled up with 
rubble or rubbish, which presses upon 
the back or extrados of the arch and 



the pier directly, prcxlucing b gretU nd 
unneceasary pressure for the fbundalioDt 
to support. It would appear that tht 
sinking of a pier of WestmiaBter Bridge 
occurred partly through the pressure of 
the rubble filling-in of the spandrel. Cy- 
lindrical openings have been adopted to 
relieve the weight, which waa Smeatoo'i 
method ; but Mr. Telford introdaced 
the system of longitudinal walls, which 
he practised in Tongueland and other 
bridges ; he filled up the space for some 
distance with close rubble, and upon it 
erected walls of from IS inches to 3 fed 
thick, and 2 or 3 feet apart ; they wnt 
steadied or tied together by laying long 
stones from one to another, the outer 
or visible walls being thicker than the 
rest ; long stones rest upon the spandrel 
walls and support the roadway. Fig. 73 
is a section of Weliesley Bridge, LU 
merick, taken very near the springing, 
the line of which is seen at AB, BC 

Fig. 73. 




. the s 



of 



tioncd a 



being one of the pi 
stones D is therefore part of the 
and they form a curved instead of a 
straight line, because the arches in this 
bridge are of the complex form men- 
' I page 153. Immediately over 
ines is seen the upper part of a 
of rubble, which extends from 
at the line of springing to a 
height of 12i feet; there is therefore* 
partially solid spandrel, but above this 
height the courses cease : the walls 
E are carried up aX, a dislance of 6 feet 
from each other, and nre 18 inches 
thick, and 6 feet inches high ; these 
also are built of undressed or rubble 
stone, but the outer wall F is of dresseit 
stone and 2 feet thick ; above these 
walls flag-stones G G are laid, upon 
which the materials for the road H and 
the foot-path I rest; K and L are, re- 
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spectiyely, the cornice and parapet of before a committee concerning the sub- 
the bridge. This bridge was built bj ject, to be more than requisite by a foot 
Mr. Alexander Nimmo, a pupil of or more ; and in the central arch the 
Telford. thickness actually given is less than the 
(64.) With respect to the size of the smaller limit given W the above witness. 
Brch-stones requisite in any particular The evil ' arising from this excessive 
case, little can be said to guide any en- strength is not merely the expense of 
gineer in his undertaking: in all cases useless material and building, and the 
former practice is alluded to as a rule, but greater time necessary to erect the 
generally there appears to be a much bridge, but the injurious effect produced 
greater depth of the arch-stones than is on the foundations of the structure, 
requisite, if judgment be given by the The principal, and certainly a powerful 
known strength of the materials, and reason offered for it is, the impossibility 
the weight they are likely to bear. Cal- of fairly bringing the whole face of the 
culations tedious to detail, but the stones into contact with each other, he- 
results of which may be stated, point cause of bad workmanship : in some 
this out most strongly. It has been cases this is notorious ; it was found, on 
estimated* that in the bridge of Neuilly repairing Westminster and Blackfriars 
the horizontal pressure against the key- Bridges, that, in various places, even in 
stone, arising from the weight of the the external masonry, chips of stone and 
arch, filling-in, pavement, and possible wood, and pieces of slate, had been 
load of carriages and passengers, amounts packed in at the joints, which gaped 
to 408,013*8 lbs.; now the masonry of through careless working. If the mason's 
the bridge is of Saillancourt stone, of labour can be trusted, or is closely 
which Rondelet states a cubic piece looked after, much improvement might 
1*968 inches in measure, requires a be effected in this particular ; thus it is 
pressure of 77 19 lbs. to crush it. Then, that a collection of the practice of dif- 
as the arch-stones at the crown are ferent engineers exhibits a considerable 
5*328 feet deep, the force required to difference in the substance given to 
crush them is 5,017,467 lbs., or about arches. The following table shows the 
twelve times as much as it is probable proportions of the thickness of the arch- 
it will ever be called on to sustain, stones at the key to the span and rise 
This is not a singular instance ; nearly of the arches; the materials of construc- 
all bridges might similarly be shown to tion at the key are named, although 
be unnecessarily massive in this as in they vary very much in their strength, 
other respects; Blackfriars Bridge was as some limestone and sandstone ap- 
proposed by Mr. Mylne to have arch- proaches the strength of granite, while 
stones 6 feet deep at the key ; this was others are not much stronger than good 
pronounced by Mr. Simpson, examined brick. 

Span. Rise. Material. 

Neuilly (127 feet Span), elliptical 24*5. 4*7 Sandstone. 

Tongueland (118 feet) . ...... . 32-7. 10-5 Do. 

Victoria (160 feet), Durham Railway . . . 34*7 15-6 Do. 

Hutcheson (70 feet), Glasgow ...... 20*0 3-9 Do. 

(Gloucester Over (150 feet), elliptical . . . 33*3 7*7 Do. 

Chester (200 feet, sandstone helow) . . . 50*0 ,10*5 Limestone. 

Westminster (76 feet) . . - 15*2 7*6. Do. (Portland). 

Blackfriars (100 feet) 20-0 8*0 Do. do. 

Pont y pryd (140 feet), Glamorganshire . . 46*6 11*6 

London (152 feet), elliptical . ..... 32-0 . 7*9 Granite. 

Over the Dora, near Turin (147 feet) . . . 30*0 7*9 . Do. 

Waterloo (120 feet), elliptical ..... 240 60 Do. 

Toulouse (112 feet) ........ 42*5 15*7 Brick. * 

Over the Lea Cut, Eastern Counties' Railway 

(87 feet) 23*2 42 Do. 

At Maidenhead, Gr *at Western Railway 

(128 feet) 24*5 47 Do. 

It appears, from » few examples, builders widely differs ; the granite 
that the practice ifferent bridge $tructureshaveabout|the same proportion 

* Gantb .i de la Construction des Ponts^ vol. i. p. 195. (1848.) 
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as those of sandstone or even brick: in- structure had lasted above 700 yetni 

deed, the latter contrast strongly with and in the last century it becsine a 

the rest, when the quality of the sub- matter of serious debate ; the repairiif 

stances is considered. By a comparison of the bridge cost about four thouaaiid 

of the average qualities of these mate- pounds a-year, and the stopping of traffic 

rials, we find that if granite be called in consequence of the waterrall up or 

100, the comparative strength of lime- down stream, as the tide happen^ to 

stone is 57*2, or rather more than one- be, by reason of the danaming up of tbe 

half; of sandstone, 44*4; of brick, 6*5, river, in addition to the loss of b'fe and 

or one-fifteenth the strength of granite ; boats from the same source, made it 

and mortar about 5*0, or one-twentieth, necessary to improve this bridge. After 

If the Neuilly and Maidenhead Bridges some ineffectual attempts to keep up the 

be compared, we find the proportion of old building, in 1800, on a Parliamentaiy 

tliickness to the span and height are inquiry concerning the improvement of 

the same ; they are both,, moreover, of the Port of London, a number of plana 

the same actual span, but the former is were produced for a new bridge. A 

of a very strong sandstone, and the noble iron bridge was propo^ bj 

latter of brick, or rather of the mortar Messrs. Telford and Douglas, to be 600 

which separates the bricks, and gives feet in span; but the opinions expressed 

the curve to the arch ; so that if com- by men referred to on the subject dtf- 

parative figures, given above, be taken, fered amazingly, some from inability to 

the strength of the Neuilly Bridge is handle the subject, others for persooal 

nearly nine times that of the Maiden- reasons, and the better class for different 

head Bridge, although the latter has theoretical views. Finally, m 1823, an 

been proved to be sufficiently strong; act was passed for the building of a new 

this result contrasts favourably with the bridge, a plan of Mr. John Rennie's 

calculation at page 159, respecting the being specified, which allowed five granite 

Neuilly structure, by which it appeared arches, the middle being 152 feet, the 

that it was twelve times stronger than two side arches 140 feet, and the land 

could be required. An old bridge at Tou- or extreme arches 130 feet span. The 

louse far surpasses that at Maidenhead original purpose, to erect the new od 

for thinness at the crown, being but one the site of the old bridge, was abandoned, 

forty-second of the span. Waterloo and a new spot chosen, a little farther 

Bridge, somewhat less in span than the up the river, saving the steep approach 

brick arch we are comparing, is a little of Fish-street Hill : much of the money, 

thicker at the crown, although of a very however, was spent in making the 

strong material. Pont y pryd, built by a approaches, the whole expense being 

genius, though an unscientific man, about 1,4*26,045/., of which the bridge 

is surprisingly bold ; though of great itself, by contract, cost 425,082/. The 

span, its thickness at the crown is but contractors began the work on the 4th 

about one forty-seventh of the span, of March, 1824, by an examination of 

Chester Bridge, however, surpasses the bed of the river with a diving bell; 

them all : the actual depth in this — the the first pile for a cofiTer-dam was 

largest stone afrch existing, — is but 4 feet, driven on the 15th of the same month; 

— wliile London Bridge is about 5 feet; the first dam completed on the 1st 

the Dora, rather more; and Waterloo of April, 1825, and the water was 

greater than either. pumped out by a steam-engine, the 

(65.) The great number of large and river at the place being 29 feet deep; 

beautiful stone bridges which have been the excavations for the foundations were 

erected in modern times, and stand as then commenced, and when the stiff 

monuments of industry and science, blue clay, which forms the bed of the 

prevents a description of all, but the river, was reached, piles were driven 

following details present striking exam- about 20 feet into the clay; two rows 

pies of bridge building : — of sleepers, about 12 inches square, were 

I. London Bridge — The present laid horizontally on the heads of the 

bridge particularised by this name is as piles, and above them a beech planking 

remarkable for its elegance and the size six inches thick, on which the masonry 

of the arches, as the old bridge was fur was laid. After the ceremony of laying 

its ugliness and the smallness of its the foundation-stone, the works rapidly 

arches, some of which appeared as mere proceeded ; by the end of the year the 

perforations through a wall. The old south abutment and two piers were 
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nmch adraaced, and in 183S the center- 
ing wiu begun, a description oF which is 
given at page 188, During this time, 
- the water.way being obstructed, it be- 
come necessary to throv two of the 
arches of the old bridge into one, and 
to remove a pier ; the traffic was not 
urested by these alterations, and thev 
were effected in six weeks. By the 4th 
of August, 1827, the first arch was 
completed, the masonry, on the striking 
of the centre, sinking only IJ inch; and, 
at the close of the year, two arches, and 



part of the centre arch, trere carried up; 
also four piers and the north abutment 
foundation were very forward ; the work 
BO rapidly advanced, that on the 10th of 
November, 1828, the last arch was 
keyed ; from that time until the open- 
ing, the cornice, paving, parapets, and 
lamps were fixed, and the expensive 
approaches, afler much delay in discus- 
sion, completed; finally, on the 1st of 
August, 1831, the ceremony of opening 
the new bridge took place, or seven 
years, four months, and twenty-seven 




days after the commeDcement of the 

The lowest depth of the foundations 
is 29 feet 8 inches below low. water 
mark; thence the piers were carried up. 
The spandrels A were not filled up 
solid with rubble, — longitudinal walls 
rest on the haunches of the arches. 
The piers on which the centre arch 

Fig. 75. 




considered large, although they do not 
appear heavy. There are, altogether, 
2002 piles under the piers and abut- 
ments; the starlings B (^. 74) are 
nearly of a circular form, their upper 
surface being of a curve, agreeable with 
the waving line of the water. To pre- 
vent the injurious action of the water 
from the roadway, a pipe C (,J^, 75) is 
carried from the road through the piers, 
and opens below the springings. The 
abutments are of solid masonry, 73 feet 
thick at the base (see fig. 72, ante), and 
rest on slanting piles; they are backed 
by rubble. 

The arches, five in number, are of an 
elliptical form, which gives much light- 
ness in the appearance of the piers, the 
centre being 152 feet 6 inches span, and 
37 feet 10 inches rise from tlie " 



springing, i 



■ 29 feet 6 inches ii 






e 24 feet thick at the springing, 
ease to 38 feet in thickness at the 
i : those next to the abut- 
« 22 feet thick, the former being 
rather less, and the latter about one- 
■iith of the span, which is at this time 



but inc 



high-water mark to the soffit, the 
contingent arches, 140 feet span, and 
32 feet 6 inches rise; the remaining two, 
leaning on the abutments, 130 feet span 
and 30 feet 6 inches rise from their 
springings; the key-stone of the large 
arch is 5 feet | inch deep, and I foot 
6^ inches thick ; at the springings 10 
feet ^ inch deep, and 1 foot lOJ inches 
thick. The spandrels, according to 
Telford's improved method, are not 
solid, but the roadway is supported on 
walls (see page 158) by flags, on which 
is laid a stratum of puddle, followed by 
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another of gravel, and upon that tlie munication between Wales and the 

paving. The parapets, wliich are very north and central counties of Eng^nd. 

plain, and close, are 4 feet 1 inch high ; An old bridge, of seven arches, in sand- 

the roadway, by reason of the flat arches, stone, supported on large abutmenti, 

has the small rise only of 1 in 132. existed, but it was found to be veiy 

Tlie height of the bridge from low inconvenient, notwithstanding various 
water is 60 feet, and the length between improvements: it was built in the year 
the wing-walls 1005 feet, allowing a 1280; and, for that time, it was doubt- 
clear water-way of 690 feet : its total less more than suiScient. In 1825 an 
width is 56 feet, being 6 feet greater act was obtained to build a bridge, 
than was intended ; this alteration was which had been proposed about twenty- 
made after the coffer-dam for tlie first dye years since by Mr. Harrison of 
pier was completed, which, with another Chester ; and the works commenced in 
enlargement of 2 feet in the height of 1827. The bridge is founded upon the 
the abutment arches, cost 42,000/.; this rock, in which is the valley of the river, 
width is distributed between the foot- but which rises rapidly on the city side; 
paths, which are 9 feet from parapet to the foundations of the abutments are 
curb, and the carriage-way — 35 feet consequently simple, except that in 
wide. The approaches are by land working at the north or city abutment 
arches, extending over Thames Street it was found that a dislocation of the 
on the north, and Tooley Street on the strata had occurred, where the farther 
south side ; they are elliptical also, and end of the abutment would insist, form- 
of brick, the former being 38 feet span, ing a dyke filled with soft material, so 
The granite for the bridge was selected that piling was indispensable, and even 
from Aberdeen, Heytor, and Penrhyn, the piles sank 5 or 6 feet at each 
and the total weight used was 120,000 blow, for a considerable portion of their 
tons. length. They were driven at a distance 

This bridge is considered as un- of about 3 feet one from another, the 

equalled in size and appearance ; the earth between them being dug out for i 

arches are very beautiful in figure, and foot in depth to make way for rubble 

the plainness of the facing, which should stones, the interstices of which were 

always be observed in such structures, filled with mortar, and the whole 

gives an idea of grandeur and strength, rammed down. It was also adjud^ 

The span of the centre arch is great, advisable, from this occurrence, to com- 

but has been exceeded ; it is very flat, mence the arch a foot lower than it 

the height being but 0*25, or one-fourth was purposed, in order that the body of 

of the span: it is, however, surpassed the thrust might meet the rock. On 

by many others of an elliptical or seg- these piles a floor of stone was laid, and 

mental form ; thus the elliptical arch of the abutment carried up of lai^e dressed 

Wellington Bridge, at Leeds, 100 feet courses. According to the specification, 

span, has a rise of 0*15, or a little more the foundation of the abutment on the 

than one-seventh ; Gloucester Over north side was to be sunk 21 feet below 

Bridge, within 2} feet of the same the springing of the arch, and that on 

span, three- thirteenths; the bridge of the south side 16 feet 4 inches below 

the Holy Trinity, at Florence, 95^ feet the same level. The courses are not 

span, under one-seventh ; and the rise horizontal, but were laid with an inclina- 

of the Dora Bridge, a circular segment, tion nearly as great as the first course 

is but one-eighth of the span. The of the arch, for a distance backward of 

bridge, however, is not only both a above 40 feet, whence they are carried 

great ornament to the river, and one of on horizontally; at this point there is a 

the most perfect specimens of bridge relieving arch A, of about 36 feet high 

architecture, but it has plainly shown and 20 feet wide. The inclined courses 

how much more may be done with in the abutments must be considered as 

materials than has hitherto been at- taking the thrust of the arch, 

tempted. The centering upon which the arch 

II. Chester New Bridge. — This was carried up was quite peculiar, and 
bridge, although not the largest in span acknowledged to be the invention of the 
which has ever been erected, is the great- contractor, Mr. Trubshaw. It consisted 
est of stone-built arches now standing, of six trusses, each of which was formed 
It connects the banks of the river Dee, of timbers, resting, on one end, in cast- 
across which lies a main road of com- iron shoe-plates on piers of stone, and 
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Bding upwards to the intended Hue the whole span of the arch ; three hori- 
IB arch, lite a Tan i there were three zontal benms, 13 inches deep, tied the 
■s thus bearing fans, whicli extended fans together between the piers and 




ir upper ends, which were bound by 
inch planking, bent round bo as to 
^mbe the curve of the arch : at this 
Ltage was taken to place the 
pdgea for striking the centre when the 
""l should be completed, and above 
n was placed the covering or plank- 
■ fbrlayingthe arch-stnnes; iron bolts 
Ptnected each rib near the upper part, 
e is very simple and effective; 
^ failings which occur to centres, as 
ptianed in page 137, do not apply 
J indeed, half the arch is said to 
t been built up before the centre 
t quite finished ; on the other hand, 
> obslructioa to the waterway must 
I considered, if comparisoa be made 
'h those centres which have allowed 
! navigation. When the springing 
course was laid, a wedge of lead, li^ 
inch thick, and tapering to an edge at 
the back, was placed between the 
springers and the first course of arch- 
Btones. This was intended to prevent 
any change of form in the arch when 
the centre Ehould be removed ; and strips 
of sheet lead, B or 9 inches wide, were 
put in the joints up to that part where 
the tine of pressure was considered to 
pass from tlie front part to the back of 
the arch-stones ; this was taken to reach 

Er two-thirds of the soffit. When 
centre was loosed, it is reported that 
opening of the joints did not occur, 
the pressure seemed to he spread 
nly over the bed of the stones ; 
neither is cracking perceptible in any 
part of the arch. The key-stones were 
similarly treated, thin strips of lead 
being hung down on the stones between 
whi^ they were to be driven i the 
stone was covered with a putty of white 
lead and oil, and driven In by a small 
pile engine. When the centre was 
^■Uowered, and the arch allowed to settle, 
^^K sunk 2} inches only. The arch- 
^^Kones were laid by the traversing ma- 



chine, now so much used In building, 
consisting of a carriage, to which the 
stones were suspended, and which was 
movable on a railway laid on a frame 
of timber, from 45 to 50 feet long, 
stretching from one side of the bridge to 
the other ; tliis frame also had wheels, 
resting on a railway fixed to another 
frame, eKtendiag from one end of the 
bridge to another; thus, a stone sus- 
pended from the upper carriage could 
be borne to any required spot within 
the area or compass of the lower frame. 
There were two cross frames on the 
longitudinal railway, one for each side 
of the arch, so that the work rapidly 
proceeded. The first course of arch- 
stones laid on the springers was 6 feet 
in depth, which was gradually reduced 
until at the key the stones were 4 feet 
deep. The spandrels were not filled up, 
according to the old practice, with 
rubble, but walled, the tops of the 
walls being joined by a pointed arch ; 
and then another tier of smaller arches 
above them, on which finally rested 
flagstones to carry the materials for the 
roadway, consisting of rubbish, rubble 
stones, and gravel. The masonry of 
this bridge is of a mixed character; the 
facing or visible parts of the abutments 
towards the river, up as high as the 
spring of the arch, and the two courses 
of arch-stones immediately above the 
springers, are of granite; tlie key-stone, 
and course on each side of it, are lime- 
stone, of the variety called Anglesea 
marble i the remainder, including tlie 
abutments, the other arching courses, 
wing-wslls, and other parts, are of new 
red sandstone, which is found abund- 
antly In the county. The width of 
the bridge within the parapets Is 33 feet, 
and its length about 340 feet, the span 
being 200. and the rise 42 feet: thus it 
is a portion of a circular arc having a 
radius of 140 feet. The parapets a.K 



164 MECHANICS. 

4 feet high, and 15 inches thick. The architectural point of yiew, present ■ 
ivhole cost of the structure was 49,900/., unrelieved and bare mass <» matemb; 
of which 7500/. were laid out on the yet it is proper that the beholder shooU 
approaches. feel impressed with an idea of its bold- 
This bridge stands unrivalled amongst ness and strength; also house omameBli 
stone arches for its span ; owing to the and other architectural fineries, suitibk 
individual magnitude of this one arch it enoimh where prettiness onlyisreqnini 
has many points of interest, and, as a should be pronibited. A iaige arch ii 
building considered in reference to essentially a sublime object, particularly 
others, it has several defects. It is in situations where bricfges are generally 
instructive to observe the span, rise, placed; and a leading characteristic of a 
depth of key-stone, and the material sublime object is plainness, with bold 
wliich was chosen ; the rise is but a and striking points, 
fraction above one-fifth of the span, and III. Bridge over the Dora Bipofky 
witli so large a span, must produce an near Turin*, — This noble bridge, cany- 
enormous crushing pressure upon the ing the main road from France, called 
keying course; this, however, is of the road of Italy, which crosses the 
limestone, and but 4 feet in depth, or Alps, is of one large arch of 147 feet 
one-fiftieth of tlie span ; it is of less 7^ inches span, spanning a river gene* 
actual size than the granite key-stones rally shallow, but subject to heavy 
of London Bridge, and the bridge over floods, which, as the bed is considerablj 
the Dora, botli of large span, but not inclined, rush along rapidly. It «ai 
above three-fourths the size of the constructed with a remarkable attendoo 
Chester arch. The bridge is eminently to scientific principles, and, certaiolj, 
light as respects the actual quantity the result has fully repaid the gnat 
and kind of masonry in it ; some labour expended. -As the road at the 
say its appearance, when viewed from entrance to the town meets the direc- 
the Old bridge, wliich is a little further tion of the stream obliquely, it wai 
up the river, is grand ; this must necessary to construct an oblique arch, 
arise from the mere extent of the or make a new road through die 
curve, and the great height of the road- suburbs ; the former kind of arch tbe 
way — sufficient to allow of vessels engineer (Chevalier Mosca) considered 
sailing under it. It is a fine-looking too much of an experiment with so 
structure, with a somewhat graceful large a span, and if piers and two or 
appearance, which is much increased by three arches were used, it might pioTC 
the white archivolt or facing arch-stones, dangerous in such a stream as tbe 
contrasting with the dull red sandstone Dora ; the latter proceeding, therefore, 
of the other parts ; the haunches or was adopted. 

outer spandrels present a great surface In proceeding with the erection of 
to the eye, and its face does not the bridge, dams were constructed each 
accord with the ornamental facings of side of the river, and drained by a tem- 
the abutments, which are fanciful and porarily-made channel, and the soil ex- 
paltry. It was at first intended to erect cavated nearly 6| feet below low-water 
large Doric columns, with a correspond- mark. Oak piles, 12 inches thick, from 
ing entablature ; this, however, was re- 30 to 40 feet long, protected by an iron 
linquished for the present niche, and shoe, were then driven from 3 to 4 feet 
panel above it, which is certainly but apart, at the finish the heads being cat 
little improvement. If, as has been re- off level, to form an even surface for 
niarked by Mr. Hosking (page 45, trea- oak beams, 12 inches by 10 in scantling, 
tise before mentioned), the springings of which were laid transversely and longi- 
the arch had been raised up higher out tudinolly, and spiked to the piles, tlie 
of the reach of floods, and the arch rectangular spaces between them being 
either flatter, or of an elliptical form, it filled with broken stone and a liquid 
would relieve the dead haunches, and cement of lime and ceroso (pounded 
offer a more graceful curve to the eye: tile). Upon this bed the foundations of 
the very flat circular curve in the bridge the abutments were laid ; they were 
over the Dora (see^., page 166), or in made up of granite blocks 21 inches 
the ellipse in the beautiful bridge over 
the Arno at Florence, with its plain 

and consistent abutment facing, are in- * Tiansactions of the Institation of Civil 

stances. A bridge should not, in an Engineen, vol. i. 
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thick ; three courses, each 2 feet deep, and so on in a decreasing progression, 
succeeded, allowing offsets of one foot; till they became parallel; and, towards 
five more courses, with a level facing, the crown, the divergence to be in the 
followed these, bringing up the abut- direction of the extrados. 
ments to the line of springing. This When the laying of the arch-stones 
part of the work was then allowed to was about to commence, two small 
rest and settle for a whole season, bridges were erected at each side of the 
during which time the figure of the centering; on these the stones were 
arch-stones, the centering, and other carried by means of upright timbers 
particulars, were laid out. An admirable with tackle, — a method inferior in neat- 
plan was adopted in these proceedings, ness and handiness to the system of 
A platform of 5000 square feet was laid latitudinal and longitudinal railway car- 
down, and having a plane surface, the riage as used at Chester : the work, 
curve for the arch was drawn ; this, however, proceeded quickly, as the 
being a portion of a circular arc, might stone wedges, which were about 5 tons 
have been properly done with a centre; weight each, and 651 in number, making 
but in the present case it was more a total weight of 3250 tons, were set up 
scientifically effected, by dividing the in seventy-five days. The springing 
chord-line into a number of equal parts, courses, which were from 15 to 18 tons 
and calculating for the purpose the in weight, were bound together; and 
length of the ordinates or lines erected succeeding courses were cut so as to 
at right angles to the chord, and reach- form the proper angles for the external 
ing up to the curve. Another curve and internal curves, as this bridge was 
■was also drawn for the centering, the built with two curves, after the complex 
height given to it being somewhat greater arrangement mentioned at page 153, 
than that of the intended arch, to allow only both curves were circular (they 
for sinking: the arrangement of the may be seen at the haunches in the 
timbers was drawn in full size on the figure). After each course had been laid, 
platform, so that they were readily pre- its position was compared and corrected 
pared; thus, when the carpenters on by means of two timbers — one horizontal, 
the platform had constructed a rib, and the other vertical — which had been 
other workmen at the site of the bridge placed and marked for the purpose ; 
fixed it in its place. There were ten small plates of lead were put between 
ribs in this centre, which in arrange- the voussoirs or wedges, according to 
ment was very similar to Perronet's directions, for keeping the joints di- 
centre, represented on page 137» except verging, and retaining the stones in their 
that it was greatly assisted by the rows places until the lowering of the centre ; 
of piles in the middle of the river. between the courses at the crown small 
From the figure of the arch drawn on iron wedges were introduced for the 
the platform, wood models, to direct same purpose ; these remained until the 
the stone-cutting, were made ; for other arch was completed, when, the position 
parts of the arch-courses, tables were of each stone being found correct, a 
constructed, so as to obtain the greatest mixture of lime and clean sand was 
nicety of workmanship. Great attention poured into the joints, and held there 
was paid to the probable effect of the by a stuffing of tow at the apertures of 
settling or movement of the whole body the joints, and the wedges removed, 
of arch-stones, when the work should Before removing the centre the plan 
be completed. It is a fact, calculable of Perronet was adopted, in order to 
and observed, that the courses at the determine the amount of sliding which 
springing and the crown squeeze each might occur when the centre was 
other at the edges when the centering is lowered. Three lines were drawn on 
removed or eased ; this, in the preceding the face of the arch, one horizontal, 
example of the Chester arch, was well across the crown, and two oblique, 
met at the springing by a wedge of lead ; from each side of the key-stones to the 
if in any case the pressure thus caused springing. The depth given • to the 
be great, a chipping of the edges ensues, key-stone was 4 feet 1 1 inches. After 

Mosca directed the stones to be cut for the 'lapse of twenty days from the time 

the proper size of the arch; but the joints, of keying the arch, the centre was 

instead of being merely in the direction lowered ; it had been retained by check- 

of radii, he ordered to be made diverging pieces or wedges, 240 in number, and 

towards the intrados at the springing, when the checks were removed, the 



■iniroTRily. The arch, being at lait left height is. therefore, only o 

to iuelf, waa found to have descended the ipan — a proportioD mucD wtt ton 

very regularly from 18'9 feet — the height other bridges of^great span ; the «rdh 

of the centre — to lB-4 feet, in the itonet, ninety-three in number, an iD 

courte of the five days during which of the same depth — 4 feet 11 tDcbc*— 

the centre was being removed ; the except the two at the apriiwingi. Th« 

engineer, however, purpoied pushing carriage way ii 30 feet wide, and the 

the arch to the greatest entetit of settle- remaining 10 feet is giren to two fbot- 

ment, and with that view loaded it with paths. The masonry was finely drewed 

3000 loni of ballast, evenly disposed — even to extravagance — the Aea of 

over the surface; this was a weight the granite arch being polished; the 

much beyond that which it could ever joints also were faced with a ceomit 

be called on to t>ear in practice; it was made up partly of granite dust, to 

suffered to remain on the arch four correspond with the masonry, 

months, and depressed the crown 1-ST Whether considered in r^renca to 

inch more. It was now judged proper its external appearance, or the sdentiGc 

to proceed with the exterior spandrel manner in which every part wai exe- 

walls, the interior space being tilled up cuted, this bridge is a splendid object 

■olid with masonry ; the horizontal ma- It is remarkably plain ; the lines which 

sonry of the spandrels was, by previous mark out its parts are few, but ItoU, 

cutting of the arch-stones, brought to and accordant one with anf>tber; in- 

meet them angularly with a regular deed quite a contrast with most other 

appearance; the upper part of the bridges; the segment, bein^ small, ^vei 

abutments (above the springing line of an elegant lightness, which is much 

the arcli), the cornice, and roadway, increased by the double curve — the 

were successively bid; the cornice being outer curve springing from a kighei 

plain, with the appendages denominated point than the inner, afier the manna 

modiilioDS. The surface of all the of Gloucester Bridge (see J^. 87). If, 

stonework upon which the materials for as has been remarked, a projection had 

the roadway were to rest was covered been ^ven to the lower part of the 

with a layer of bituminous cement, A-9 abutment walls, instead of the pUn 

inchea thick, and beaten down hard: on lace, reaching, as it does, into tbe 

it was placed another layer, mixed nith water, it would have been an improve- 

gravel, 2j inches thick; thus the joints ment. The impression of firmness^ 

of the masonry were saved from the in- arising from massive abutments, is con- 

filtration of water, which Is so injurious siderably prevented by the circular or 

to the structure. The different parts cylindrical form given to their faces, by 

were now dressed, and tlie bridge made which it appears as though part of the 

ready for public usei four years having arch were hidden behind them ; theyare 

been occupied in its erection, and the considered as acting similar to cutwater* 

expense to the Sardinian Government before piers, assisting, with the comE 

being 56,000f. form of the arch-opening, to give free 

The total length of this bridge is 300 passage for the floods ; they allow, alsot 

feet, the width 40 feet between the a wider approach for the roadway. Tha 

Krapets, which are 3 feet 4 inches key-stone is certainly much deeper than 

jh; the span of the arch, as before requisite; the Satness of the arch, 

mentioned, is 147 feet 7'6 inches, and doubtless, throws a great pressure upon 

the rise, afler all the work had been the stones at the crown, but when itii 
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compared with some other bridges, and structure, excepting a slight sinking, 
' particularly if the nicety with which the which has been principally on the souta 
work was done be considered, a much side, where the curve of the arch has 
less depth would have been safe. become continuous in consequence. 

IV. — The Bridge of the Santissima V. — Waterloo BainoB is a fine speci- 
Tbinita at Florence is justly considered men, without any rise in the roadway: it 
as a very beautiful structure. It is not reaches over a very broad part of 
very large, the span of the principal the Thames, its length, between abut- 
arch being but 95| feet, but the curve ments, being 1240 feet: the arches are 
of the arches, and the architectural all of equal size, and elliptical, having a 
taste generally shown in its parts, is span of 120 feet, and a rise of 35 feet; 

such as to call forth praise from all they rest on piers 20 feet thick, counter 

judges in architectonics. Modern science arches being placed between the curves, 

cannot, however, take the credit of pro- on each pier, to carry the thrust, gene- 

ducing this bridge, it having been built rally considered to occur at a point of 

in the sixteenth century by Bartolommeo the curve where its tangent becomes 

Ammannati Battiferri, celebrated at the inclined about 60° to the horizontal 

time for architectural talent, over the line. The masonry is of granite, weigh- 

Arno, a river, which, having its source ing about 498 lbs. to the cubic foot ; as 

among the mountains, is liable to heavy there are 34,000 cubic feet in each arch, 

floods from the melting of the snows; there is, consequently, a weight of about 

these had repeatedly swept away former 16,930,000 lbs., or 7559 tons, from the 

bridges. He proposed and executed arch alone, on each pier, except those 

the present structure with three arches, next the abutments; the key-stones are 

the central being 95 feet 8| inches, and 4 feet 6 inches deep. Brick walls are 

the contiguous pair 85 feet 8^ inches, laid over the backs of the arches, so as 

The piers and abutments are supported to make the spandrels hollow : on them 

on piling, different in its disposition to rest the flag-stones supporting the road 

the modern methods; the base of the and footways; the former is 28 feet 

foundations has a small offset, and, and the latter are each 7 feet wide. As 

therefore, covers a greater space than a piece of architecture the bridge is 

the body of the piers ; the cutwaters striking to any beholder, notwithstand- 

are triangular, extending above 19 feet ing the pillars which are set up at each 

from the body of tlie piers — these latter pier ; had the facing of the pier been 

being 26 feet 9 inches thick, and 27^ plain, as in London Bridge, it would 

feet high; the arches spring 9 feet 5 liave appeared more to advantage. It 

inches above the ordinary water line, and was designed by Mr. R. Dodd, and 

appear to be formed of two portions of built by Sir J. Rennie. 

an ellipse, of which the major axis is VI The romantic Pont t Pkyd, 

113f feet, and the minor axis 31 J feet : spanning the river Taaf, near Llantris- 

the schools at Florence have concluded sent, Glamorganshire, deserves notice, 

that the curve is parabolic, but the on account of the circumstances of its 

former is the more general opinion ; erection, as well as the size of the arch, 

whichever it be, the arches are some- considering the time when it was built, 

what pointed, to an extent, however, It was the work of Wm. Edwards, in 

which keeps them graceful. The centre 1751. It is the third bridge which this 

arch rises 15 feet 1^ inch, and the two self-taught architect erected at the same 

smaller arches 14 feet; the ratio of the place. The first was in three arches; 

rise to the span is, consequently, 1 to but, in consequence of a heavy flood, 

6*5, or 6*3 of the span; the material of to which this mountain stream is sub- 

their face is marble, but by the appear- ject, it was carried away two years after 

ance of the soffit of the arches the inte- its completion. Edwards then attempted 

rior is of rubble work. The parapets a wonder (for his time), to erect a bridge 

are about 3J feet to 3f feet high, and of one large arch, stretching 140 feet, 

2 feet thick; the whole passage way or over the whole torrent; but, unfor- 

between them being 32J feet, of which tunately, not having calculated the 

two f oot-paths occupy llj feet, and thrust arising from the heavy haunches 

21/j feet is allowed for carriages. The of bis arch, before the parapets were set 

building occupied from the 1st of March, up, the haunches sank, the crown was 

1566, to the year 1569; since that time pushed out, and the whole fell into the 

little alteration has occurred in the river. Undaunted by these disasters. 
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Edwards re>commenced, lessening the io hot oil. Several methods have bert 
weight of the haunches by leaving tiiree put forth and patented by difierent 
horizontal cylindrical holes in each of persons for the protection of timber 

them (see^. 64, page 150) ; this alter- against the weather and the destmctiTe 

ation had the desired effect, and all effects of the small cryptogamous planti 

stood secure. As the former, so this which are apt to grow over dead woodf. 
arch was 1 40 feet span, rising 35 feet ; In many bridges great care has beea 

the arch-stones, at the crown, are only taken to inclose the important parts 

3 feet in depth, or less than a forty- by close planking, which is injunons. 

sixth of the span. The lower holes or However much interested parties may 

cylinders are each 9 feet in diameter ; exhibit the faults of timber work, there 

the middle 6 feet, and the upper 3 feet are sufficient long-standing examples to 

diameter. Althoiifih so light and large — ~~zr , . , — : ; 

as to be a masterpiece at the time it ^.t^ «" ^ '''^'!l!**r 'Tf.^S".^ 

. .1^ .^1 '.u * J *u *• be the consequence of the decay of wood. All 

was built. It has withstood the action ^^ woodTwhen subjected t^ the actioii of 

of many floods, and the disintegrating ^^j^^ temperature and moirture, eommenea 

effect of the changing seasons. » slow decay or eremacauiis, for the pronmato 

elements of organic matter containing nitroga 

Chapter \IU,—Bndge* of Wood,-^ are easily acted on by the abo reagents, as tlie 

Character of Wood,lsimple Beam,^ ?*^«^"' T"""^^ m^^ ^^^J^!^"^ 

rn J r^' J m * j t • bfts DO particular affinity for any of the otiur 

Trusted Girder,^ Town s and Long s eompon^t elements, bit &cilitetet deeompth 

S^item,— Straight Timber Trusses:— gition; when this commences, the germi^ 

Bridges of Kandel, Palladios, Schaff^ cryptojgiamous plants, which had been natmally 

hausen, SfC, — Curved Timber Arches : deposited in the pores of the wood, are npidly 

— Price's, Mahavillaganga, Wiebc' developed, and materially assiBt the decon- 

king*s, Schuylkill, and other Bridges. posing agents; the Meruliug laerymans, a 

fungus well known as connected with whai k 

(66.) The utility of wood for making a called dry-rot, powerfully aids in the dertme- 

line of communication between two tion of wood, by insinuating itself betweeo 

places, appears to have been thought the fibres, and rapidly spreading. Open 

of before any other material, and led situations and currents of air are, however, 

the way in bridge building. It is the inimical to the growth of theae phmts, which 

most simple, as well as cheap, substance ^^ ^^^^* *?* V»« unpropriety of boxing 

used in these structures, and may be «P the woodwork of bridges too modi, 

buih up most readily ; not only doL it ^eul" .^rt^^^t^^^ J^t^y^!; 
possess these advantages, but, next to si„ce, a method of preserving wood by aoddng 
those commonly called suspension it in bichloride of mercury (corrosive sub- 
bridges, it has, at present, been used for Hmate) ; some chemists supposed that it had 
the greatest spans*. There are, how- a preservative effect, because the bichloride 
ever, some practical objections urged (Hg C\^ decomposed when it met with 
against the use of wood in exposed the albumen (a proximate element) of the 
situations — it is very liable *to decay, wood— one part of the chlorine being evolved, 
and destruction by fire. Wood cannot, "^^^^^ the remainder, then protochloride of 
of itself, withstand the effect of alter- °»«'^°7 (?»C^)' ^°»^med, with the albo- 
nate wet and dry this certainly need Ttk^™^ ii l^nd^trdeT^ 
not occur with the materials of the considers The bichloride to combhiTwith thS 
superstructure, but wooden bndges lig^ine or woody fibre. The solution of bi- 
frequently abut or rest upon piling, or chloride has, however, been detected by 
posts on piling, part of which, as the chemical tests, to a depth of from | to | of 
tide ebbs and flows, must be alternately an inch in various woods, and, by electrical 
dry and wet ; the timber work of the test, somewhat deeper ; it appears, however, 
arch should never be within reach of to penetrate fir less than some other woodi 
the tidal waters, though, in several (Faraday). The wood thus treated becomes 
instances, it has so occurred, where **^ ^««f .*Pf *^^?% ^f^^^ ^«" flexibility, bat 

there are sometimes very high tides. ST ^ }^^si^''\ T^i v^' 

xxTi^u^i.:^ n '' . ^ , Breant proposed, in 1887, the use of sulphate 

Wiebeking, a German engineer, who .^ iron, which did not alter the qualities of 

built many wooden bridges, soaked the ^ood like the previous substance. Lately 

posts which were to dip into the water sir Wm. Burnett has asserted the claims ci£ 

chloride of zinc as a preserving agent : trials 

* The iron tubular bridges over the Oonway of it have been made, with a aatisfiMlocy 

Biver and Menai Straits excepted. result. 
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pToTe the efficiency, economy, and 
durability of woodea bridges. 

The model of applying timber to 
bridge building may be classed into two : 
— the truss of simple straight henma ; 
and leries of curved beams, forming 

(67.) The tnost elementary fonn is a 
simple beam or girder, stretching from 
point to point, several of which would 
support transverse planking for a road- 
way. Out of a close consideration of 
the effects produced on such a beam 
through resting its ends on a solid bed, 
while weights are on the upper side, tlie 
general system of trussing, or adding 
extra supports of struts or braces, is 
completely developed. In the first 
place, from the principles ofthestren^h 
of materials, it appears that the sustain- 
ing power of a l)«tm will increase as its 
width increases, or twice the width wiil 
^ve twice the strength, hut the increase 
is as the square of the depth ; that is, 
twice the depth gives four times the 
strength ; it is evident, therefore, that 
width is of little importance in compari- 
son with depth as a means of supplying 
greater suppon.ing power, not merely 
on account of the economising of mate- 
rial, but of uselessly loading the beam ; 
for instance, beam A, 1 foot square at 



Fig. 78. 



strength is obtained, as before remarked] 
but tne we^ht of the compound beam 
is double of the single strengtli ; if^ 
however, we proceed by taking a beam 
B 5,', inches by 12, or not one-half the 
depth of tliat to be strengthened, and 
bolt it underneath, or on the upper 
surface of A, the strength being as the 
square of the depth, which in feet is 
now 1-42, is equal to !, or as much as 
the two equal beams in the former case, 
wliile the weight of materials, instead 
of being double, is not ODe-and-a-half, 
so that, in fact, there is more available 
strength in the latter combination, be- 
cause it has less weight of its own to 
bear. There is also another physical 
principle concerned in a beam supported 
at each end. Even by its own weight 
a tendency to bend is shown, if the 
length be considerable in proportion to 
the breadth and depth, and superin- 
cumbent weights, according to tlieit 
nearness to the middle of its length, act 
more powerfully in bending It : this 
leads at once to the conclusion that 
greater strength should he allowed to 
the middle than to the ends of the beam. 
The form for equilibrium can be calcu- 
lated, and we obtain the following general 

Fig. 79. 




figure of such a beam*; we have sdll 
some part of the beam idle, while the 
other parts bear the burden ; when such 
a beam as the above bends it must be 
that the lower side is in a state of ten- 
sion, and the fibres are preparing to 
break asunder j but the upper aide, by 
descending, becomes compressed, and 
the fibres have to resist a force tending 
to push the ends together; between 
these extreme and opposite actions the 
intensity decreases until some line of 
neutrality a 5, is reached; the parts on 
either side of this neutral line, conse- 
quently, do little work, except that of 
assisting to load the beam with liieir 
weight. Id cases wliere very large and 
long beams would be required, it is a 
matter of importance to attend to these 
observations of the action of forces: 
they show us that if the upper ond lower 
parts of the beam could be retained, 

• Se« SlnngA of MaleriaU, ttj. 
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while the other could be cut away, a 
very valuable improvement would be 
effected : this has been done in various 
ways, one of the most simple being that 
of the trussed girder or beam. 

(68.) The general form of a trussed 
girder is shown in fig, 80. A wrought- 



iron rod a ft c !■ screwed into plates st 
each end of the wooden beam A, and 
passing obliquely downwards is held oat 
by the struts abuttioj; against the under 
side of ttie beam ; this rod is. therefore, 
the counterpart of the lower half of a 
common beam ; while the wood is prin- 



Fig,m, 




cipally engaged by the crushing effort of prising, in comparison with most other 

any incumbent force, the rod takes up structures of this kind. These bridges 

the stretching effect, the horizontal consist of two rows of horizontal ties or 

portion h having the greatest tension; stringers, one above the other, but 

thus the beam cannot bend more separated to a distance of 15 feet or 

than tlie iron rod allows by its exten- more by lattice-work, or inclined pieces 

sion under pressure, which is an exceed- crossing each other; there are generally 

ingly small amount. By this contrivance three tie-beams or stringers, with a line 

a beam half the depth of that taken for of lattice-work between them ; the in- 

example in the preceding paragraph (or clined pieces form an angle of a^out 50° 

6 inches) may become a very much with the horizontal stringers ; between 

stronger support; or if, in the second each of those inclined one way there 

case, an iron tension rod were substi- is a distance of 4 feet 6 inches, the piers 

tuted for the extra depth given to the themselves being from 10 to 12 inches 

beam, a girder many times more power- broad by 3 to 3| inches thick, for a 

ful and lighter in appearance miglit be truss of 17 feet high; the whole is 

constructed ; wrought iron is very much firmly secured together by wooden tre- 

heavier than fir, but it is about five-and- nails. The height of the truss lias 

a-half times stronger in resisting a been proposed to be generally about 

stretching force. The trussed girder Vo^h of the span. It is, however, greats 

has been frequently used for small in some bridges built on this principle, 

bridges ; one over the Whitadder, at The roadway rests either on the lower 

Abbey St. Bathan's, Berwickshire, is or upper stringers, the latter being, 

of the considerable span of 60 feet, sup- doubtless, the best position, as the 

ported by trussed girders, which are stringers are brought into a more even 

composed of two timbers, forming a state of tension. This combination 

beam 1 1 inches deep by 6 inches wide ; may evidently be called a trussed and 

the tension rods a be of the girders are improved girder, the ineffective central 

only 1 inch in diameter, and are tightly parts being removed, while the two 

screwed by nuts at the extremities *. important parts are effectively connected 

A form of bridge which may be pro- and the system stiffened by the interme- 
perly classed with the improved girder diate lattice-work. A bridge was erected 
is that proposed by Ithiel Town, an over the James River Falls, at Rich- 
American; their lightness, simplicity, mond, (U.S.), in 1838, on the Richmond 
and cheapness of construction, are sur- and Petersburg!! Railway, where these 
simple truss-frames support spans of 

* An American, Mr. J. R. Remington, from 1 30 to 1 53 feet ; they were 20 feet 

proposed to build bridges with very much less deep, the railway resting on the upper 

timber than usual. His principle has not been stringers. The whole length of the 

very clearly stated ; but a bridge was built by bridge is 2900 feet, the railway being 

him of 150 feet spaii, the support being tie- suspended at a height of 60 feet above 

beams or girders 5 inches deep and 6 inches the water. The expense of the bridge 
wide at the ends, tapennflf towards tlie -j j ^i ^ ■ • 

middle to 2i inches square; these beams or evidenced the great economy resulung 

stringers have a fall of 24 inches from the chord- ""om Mr. lowns method: it cost 

line in the middle of the bridge, so that they about 24,200/. Another frame bridge 

act by tension : il would thus appear to be a was suggested by Mr. Long, in which a 

description of suspension bridge. number of the inclined pieces were left 
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out, 80 as considerably to lessen the 
Quantity of short timbers ; vertical iron 
ties are introduced, at convenient dis- 
tances apart, serving the place of the 
omitted timber. A bridge of 1260 feet 
in length was erected over the Connec- 
ticut iUver, for the Western Railroad 
(U.S.)f in which the spans were 180 
feet each, the timbers being, however, 
very small. The lower ties are 1 foot 
deep, and about 6 inches broad; the 
inclined braces are 8 inches square, 
which is also the size of the upper 
stringers. According to either method 
a great saving of time and material is 
enected in theit constructioD, when com- 
pared with other bridge- work in timber. 
(69.) The most varied alteration and 
improvement upon the simple beam or 
girder is that of wood-trussing with 
struts and ties. It can be effected by 
adding timber work above or below the 
principal beam ; the most simple deduc- 
tion from the equilibrated beam (fig, 79) 
is that of the simple roof truss (see 
fig, 15, page 121), of two raflers. 
Bridges frequently allow of an horizontal 
thrust, which is borne either through 
the piers or by the abutments ; a simple 
and economical trussing of three addi- 
tional timbers under the main beam is 
then applicable when the span is not 
too large. A bridge built over the 
Clyde, at Glasgow, in 1832, is so com- 
posed. Main beams A were laid on 
piles, while the beams B, B, C, gave 
support to the middle or weakest part ; 
these beams resist by compression. Any 
weight at a stretches the upper beam, 




All the pressure does not, however, act 
against the succeeding strut, because B 
is inclined ; a portion, depending on the 
obliquity of the strut (art. 11, page 119), 
is carried by the pile; pressure has, 
however, little influence, if the ground 
be firm, as we learn from the principles 
of the wedge. In the Glasgow Bridge 
the span or distance from pile to pile is 
34 feet, the struts B are 13 inches by 
12 inches in section, and the other 
timbers 12 inches square. This elemen- 
tary form has been frequently used 
when an horizontal thrust could be 
sustained. The Utica and Syracuse 
Railroad, United States, is supported 
over the Onondaga Creek Valley for a 
distance of 600 feet by 20 of these 
frames (or trestles) of 30 feet span each, 
the struts being mortised into the beam 
directly, without any intermediate strain- 
ing pieces. 

In France rough round timbers have 
been used for bridges, disposed similar 
to the above; one over the Durance, 
at Bon-pas, is above 39 feet span, and 
another over the Var above 49 ^t span. 
When the same arrangement is used for 
larger spans the beams are apt to bend, 
even by their own weight ; this circum- 
stance prevents the use of long timbers 
in such structures; braces are then 
added, holding together the struts and 
tie-beam, the whole system being thus 
stiffened ; the bridge of St. Clair, over 
the Rhone, at Lyons, having a span of 
44 feet, and many others, are so con- 
structed. Another development of this 
method is exhibited in the bridge over 
the Kandel, in the canton of Berne, 
built by Jos. Ritter. In the following 
representation of half the bridge, the 
parts corresponding to the lower beams 

Fig. 82. 
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which, meeting the straining piece C, 
imparts to it the force ; but this piece 
acts as a wedge between the two struts 
B ; most of the pressure is thus given to 
the struts which abut on the piles, and 
the resistance must here be supplied; 
with a number of spans it is found in 
the thrust of the analogous struts in the 
next series, or, finally, the abutments. 
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in the Clyde bridge are A, ah, being 
one strut and part of the intervening 
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benm; the strut would, however, be 
too long to support itself steadily, being, 
according to tlie figure, above 70 feel 
long ; it is, therefore, tied up at two 
places by tlie braces E, F; the superior 
struts D, C, D, do not play against the 
lower tie-beam G H, but they meet the 
upper beam I K with the vertical 
braces, whicli is a mode of suspending 
the roadway resting on the lower beam 
G H ; the tliree liorizoiitul beams are 
tied together by the short braces, and, 
with the diagonal strut G K, form a 
truss quite independent of the timbers 
A, B, C, D, and their attendants; it 
might, if of sufficient stiffness, stand of 
itself. A roof h, common to wooden 
bridges, protects the covered wood-work 
from rnin, and is a great conienience 
This bridge is stated to have a span of 
166 feet; although well disposed, there 
are, doubtless, more timbers thjn is 
requisite; this, however, is a common 
error in all kinds of bridges, and one, in 
roost cases, on the safer side. 

To obviate the difficulty of using %eiy 
long beams, instead of making the lower 
trtiss of three pieces, as in the above 
cases, four, five, or mote pieces have 
been braced up to the tie-beam, forming 
a polygon ; this, however, of itself, is 
in a state of unstable equilibrium, similar 
to the catenary (see art. 20, page 126). 
and on account of the obtuseness of the 
angles the downward pressures act with 
a most destructive intensity on the 
joints. In several instances failures 
have occurred with bridges constructed 
after this manner. 

(70.) Where horizontal thrust could 
not be allowed, or otherwise was sought 
to be avoided, the trussing has been 
partially or wholly built above the road- 
way. All the conditions of a thrust- 
bearing tie-beam are then included, 
similar to rooUng in general cases. 



Palladlo propoaed and built specimen! 
of wooden bridges of this kind, some a! 
which exhibit excellent mechanical 
arrangement. The bridge erected luider 
his direction over the Cismone, near 
Bassano, in Italy, of 108 feet apan, is ■ 
combination of three ordinary roof- 
trusses, of tie-beam, rafters, and king- 
post, a b c, surmounted by two great 
rafters, an intermediate a training-piece^ 




and two vertical posts ABO; the lot^ 
tie-beam A C is raised in the middle. 
He proposed another verv ingenious 
form for a bridge, obviating the necessity 
of long timbers, though the span were 
great: it was to compose each truss of 
. a number of small frames, similar to the 
figure in the chapter on framework 
(page 120); these, like a number of 
arches, might be secured one to another, 
and would form a very strong and good- 
looking arch. 

The most remarkable eiomple of 
wooden bridge built with the trussing 
above the tie-beam was the bridge over 
the Rhine at Schafiliausen. built by 
Ulrich Grubenmann, called a common 
carpenter, in 1757; it was, however, 
burnt by the French army in 1799. 

The diagram represents one-half of 
the bridge, the resting-place P being a 
pier belonging to an old bridge, lefi near 
the middle of the stream, in order to 
assist in supporting the great truss. 
The principal parts were the enormous 




EQUILIBRIUM OF STRUCTURES. 173 

tie-beam A A, the rafters or struts a, a, A very neat bridge of 150 feet span, 

and the vertical ties or braces b. The upon Grubenmann's principle, was built 

tie-beams were made of fir beams, two in 1838 on the line of the Baltimore 

in depth, scarfed and bolted together in and Ohio Railroad, over the Patapsco 

the manner shown by the serrated line ; River, with the judicious introduction 

their width being about a foot-and-a- of the cross-strutting between the ver- 

half, and united depth nearly 3 feet, tical braces, according to^. 13, page 

This beam was shored up by a few 120. 

struts, abutting on the pier and abut- Sieur Claus exhibited in Paris a 

ments, and carried above the system of model of a bridge on Grubenmann's 

rafters a, a, which, on examination, will principle, which was intended to be 

be found to form, with the small hori- built over the Dery, extending between 

zontal beams against which their upper the abutments the enormous distance of 

extremities thrust, a series similar to 959 feet. It differed slightly from the 

the roof (art. 1 9, page 1 26), the two construction of Schaffhausen Bridge, in 

struts c, d, being left out at present ; this having an even series of rafters, equally 

large truss was stiffened and held toge- inclined, and of equal length, in place of 

ther by the eight braces b, b, which the variable lengths and inclination 

were placed at a distance of about 18 which Grubenmann adopted; diagonal 

feet apart. Although the rafters meet as well as vertical braces were also 

the upper tie-beam B B at various added. 

places, yet their lower ends, carrying a (71.) The introduction of curved 
thrust down to the beam A A, are timber in wooden bridge-building is a 
very properly collected towards the great improvement, from the mechanical 
extremities, or the parts most able to ability of the material, and the aspect of 
sustain pressure. With the beam B 6, the finished structure. Timber used in 
the upper series of struts and braces a curved form is generally bent into the 
constitute another and lighter truss ; required shape, and two or three pieces 
one-half of the length is left with the or planks, laid one upon another, are 
roofing. This certainly formed an excellent bolted together while so bent; other- 
truss ; indeed, it was said that no piece wise the same form may be given by 
could be removed without endangering cutting across the fibres ; in the latter 
the whole, showing that the structure operation, however, a great portion of 
was encumbered by no useless material, strength is lost through the injury to 
When built it appears that the pier the fibres ; by the former method, 
sunk, so that Grubenmann had to small pieces, requiring little trouble 
strengthen his truss by additional rafters to bend them, can be built up, by 
c, d, the interior rafter being of very proper fastening, into a sound rib. 
great length ; with these beams it would (72.) The effect of any weight acting 
appear as though the final thrust of the on a curved beam will be somewhat 
trusses was transferred to the abutments analogous to that of pressure upon a 
only. This appearance probably gave stone arch, as represented by jig, 66, 
rise to an opinion that the pier was un- page 1 50. If the weight act on the 
necessary to support the bridge : it middle of the crown C, a line of pressure 
evidently must have borne some pres- C a D will be formed, the fibres being 
sure; indeed, the two spans were not strained at b and A, while they are 
in the same straight line, the pier being compressed at C, a, D. And pressure 
above 8 feet out of a straight line be- near the extremities would effect at b 
tween the abutments ; the construe- and A a compression, while at D, A, 
tion, however, was so truly on scientific and E, an extending strain would occur, 
principles that, with some strengthening, These suppositions must be uncertain, 
there is no reason, as Telford remarks, from the nature of the wooden arch ; 
why the pier could not be safely re- the conditions are not nearly the same ; 
moved. This bridge is not the greatest the rib has all the benefit of resisting, 
span built after this method. Its total by its arrangement, any bending inwards, 
length was 365 feet, the greater span or in the direction of its curvature ; it 
being 192 feet. is, in nearly all cases, subjected to a 
The same ingenious carpenter and strain which acts, more or less, over 
his brother built several other bridges the whole length, whether the roadway 
after this model, and of very large span, be 'superimposed or suspended; the 
one at Wittengen being 390 feet span, ties or struts, which are placed «* '^''^- 
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ferent parU of the lib to support the 
Toadway, prevent the simple action of 
the force which theory supposes, and 
the line of pressure (page 150) is at any 
time a doubtful matter. It has been 
called a parabola, but as the weight of 
the rib is frequently variable, and the 
other parts of the bridge are also so vari- 
able, the curve of equihbrium cannot be 
any regular curve. 

(73.) Mr. Price revived the applica- 
tion of curved ribs, which were used at 
an early date ; — Trajan's Bridge, over 
the Danube, in Lower Hungary, is an 
instance, which seems to have guided 
the above carpenter in his plan : he 
proposed that ribs should he made up 
of planks, varying, of course, in size, 
according to the size of the bridge in- 
tended ! they were to be made up in 
two thicknesses, which should be bolted 
together with vfooden keys. A bridge 
OD this plan was built over the Pisca- 
tagua, near Portsmouth, United States, 
with a span of 250 feet. It consists of 
three ribs, each formed of planks 12 and 
16 feet long, with keys and wedges of 
hard wood fastening them ti^ether. 
The tibs were connected with braces of 
hard wood, passing through holes cut in 
the ribs. The structure has been ap- 
proved, although, if the ribs had been 
bolted together, forming one thick rib, 
more strength would have been gained, 
as the cutting required to insert the 
vertical brace, must have greatly weak- 
ened the rib. A bridge on a similar 
plan was constructed over the Maharil- 
laganga River, near Kandy, in the 
Island of Ceylon : it is SOS feet in span. 
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Fig. 85. 




and rises about 25 feel. It consists of 
four horizontal rows of compound ribs, 
each compound rib being, as in j^. 85, 
madeupofthreepairsof beama.A, A, A, 
which are ^out 12 inches wide by It 
inches deep, held together by the dove- 
tailed wedges a, a. a; the connecting keys 
b, b, b, were cut so as to dovetail ■□ the 
beams as they pass between each pair; 
these keys or braces were about 8 feet 
apart, and the whole compound rib 
about the same in depth. Radial struts, 
notched on the ribs, supported the road- 
way on each side of the centre. This 
bridge withstood, in 1835, a great flood. 
which rose 20 feet above the line of 
springing of the arch, the rapid current 
bringing with it trees and masses of 
jungle'. 

(74.) Wiebeking, director-general of 
roods and bridges in Bavaria, built 
several bridges with ribs of very large 
span and light appearance. His method 
was 10 bend long plan Its, instead of 
short pieces formerly used; the frame- 
work was very simple, each arch being 
of three ribs, with intervening struts, 
wiiere requisite, between the ribs and 
roadway. By experiment this engineer 
found that the rough wood was more 

* Fipen of the Boyil EngiaeBn, toL iiL 
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flexible than that worked up or squared, Wiebeking*s wooden bridges is also 
for a beam of fir 542 feet ^^^S ^^^ ^i small as compared with stone arches; 
thick, could be curved so that the depth in the Bamberg structure it is a little 
of the curve was 1.36th of the length, above 1.12th of the span, and in an- 
whereas, in an unwrought condition, it other bridge at Freysingen, over the 
was increased to 1-1 Sth of the length ; Isar, of 153 feet span, the rise is about 
pieces, also, which had been cut into 11^ feet, Qr less than l-13th of the 
regular rectangular forms, were, when span ; while it may be seen from the 
joined together, susceptible of greater table (at the conclusion of " Bridges ") 
curvature than a piece alone. He found that, in the most considerable flat arches 
that pine had more elasticity than iir built of brick and stone, the rise of the 
wood; larch than pine; and resinous curve is, in no case, less than l-8th of 
woods more than oak, which, when the span, very frequently 1.4th. Wie- 
undried, allowed a depth of curvature beking states, as the result of experience, 
so small as 1.26th of the length. His that ribs from 100 to 150 feet span may 
wooden.rib arches are said to have been have a rise of 1.20th of the span; 
tested, on completion, with a weight of l-lBth for 200 feet; l.l5th for 300 
about 149,000 lbs., or 66^ tons. feet; and 1.14th for 400 feet span; 
The bridge over the Regnitz, at these numbers give flatter arches than he 
Bamberg, is one which illustrates his adopted, but are limits allowable where 
practice on a large scale, the span being the arch is required to be flat. There 
208 feet — the greatest span, except in appears to be a sinking afler the arch is 
one case, erected on his principles ; the constructed, through a slight jdelding 
rise of the arch is 17 feet. It was built and settlement of the fibres — a circum- 
of one arch, in place of a stone bridge, stance to be expected ; it is very small 
which, by the resistance of the piers to in amount — less than the ordinary set- 
the current, was carried away by a tling of stone arches ; Wiebeking ex- 
flood. There are three ribs — two on presses it as equal in inches to 
each side, and one in the middle of the ^h^ 

public way, which passes over the ribs ; 0*806 X 1 

the outer ribs are composed of two ®P*° 

widths of timber and five depths at the the rise and span being numerated in feet, 
springing of the arch, but at the crown The same engineer ofiered to erect a 

the depth is reduced to three beams; wooden bridge at Munich, having a 

the middle fib is one width of the regu. span of 273^ feet, and also one with the 

lar beams, but on each side are a triad very great span of 554 feet, 
of extra beams, making the whole width (75.) A numerous class of bridges 

three beams ; two inner ribs were placed have united in them the ordinary straight 

diagonally to assist this combination in timber truss and curved rib ; in some 

opposing any tendency to lateral motion, cases the curved portion is intermixed 

Cross struts and horizontal bridles or with the other parts of the truss, the 

ties connect the ribs and carry the ends generally resting on an horizontal 

struts which bear up the timber work tie-beam or stringer ; otherwise the rib 

supporting the roadway. The abut- is placed beneath the straight timber 

ments are very slight in comparison truss. Of the latter kind are several 

with those of other bridges, the weight large and tasteful structures. The cele- 

of the materials and the proportionate brated bridge over the Schuylkill, at 

thrust being much less than in arches Philadelphia, and a bridge near to it, of 

of heavier materials. The rise of smaller span, are so arranged. The 

Fig, 86. 




SCHUYLKILL BBIJDOX. 



former, called, from its great length, the the very small rise in the middle of 20 
Colossus, is one span of 340 feet, with feet, or 1-I7th of the c\»ycd^^^x!k^v> 
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the curve is a portion of a circle 1465 king-posts passed through mordoes cot 
feet in diameter, comprising an arc of in the ribs, and thus considerably weak- 
26 j degrees. There are three ribs of ened them. It had not been in use for 
equal size, the planks composing them three, months before the diagonal bnea 
being 13 inches wide by 6 inches thick, showed signs of a settlement, and, not- 
cut to the proper curvature — a method withstanding various mendings, in 1835 
calculated materially to weaken the the bridge gave way : in the process of 
power of the timber; — seven of these dislocation it was observed that the 
planks were put tojiether, forming a rib diagonal pieces, although bolted toge- 
3 feet 6 inches deep by 13 inches wide : ther, and to the posts, and additionally 
in joining the lengths it was so arranged tied by iron straps, tore away from the 
that one plank terminated between two upper rib, until the lower rib at last 
others at their middle. On these ribs a presented a concave instead of a convex 
truss frame was erected ; it is about 7 upper surface. It has been considered 
feet deep at the middle of the bridge ; that the failure was owing partly to the 
the radial posts, as the figure shows, want of abutment of the upper rib, but 
are partially strengthened by the slant the order of the destruction shows that 
struts, which, had they been crossed by the lower rib was not effici^itly tied to 
others in an opposite direction, would the upper, as the oblique pieces lefl the 
have been much stronger : as it is they latter, which was therefore little or oo 
do not constitute with the posts a stiff burden, but it certainly was not brought 
framework; over all is a curved tie. into service; the lower ribs were ae« 
The roadway is laid upon bearers lying prived of their strength by the mortices 
across the ribs, and joined to the posts for the king-posts, which appear to have 
of the upper framing. This bridge, been very ineffective ; a great improve- 
though containing comparatively little ment would have been to substitute for 
timber for its size, is, if the ribs alone them iron rods, which would have tied 
were brought into action, about three the upper and lower ribs safely. The 
times stronger than could be required, curve given was very snudl, and by a 
supposing the bridge crowded with bad disposition of the roadway an un- 
people. It stands, however, as one of necessary strain was thrown towards 
the best specimens of wooden bridge- the weakest or central part of the arch. 
building: it was arranged by Wernwag, There is a very good specimen of 
in 1813. Another bridge, similar to the this class of bridges called the Lady- 
above, with a few additions, was erected kirk and Norham Bridge, over the 
over the same river some years pre- Tweed: in this instance the ribs vaiy 
viously, at Philadelphia: it crosses the in depth, being eight planks at the 
stream in three arches, two of 1 50, and springings, and three planks at the 
the middle 194 feet span, the latter crown or highest part of the curve ; the 
having a rise of 12 feet, or about 1-1 6th planks are 6 inches thick and 18 feet 
of the chord-line. iong> so that at the ends the ribs are 4 

A bridge was erected in 1828 over feet deep, but at the middle 18 inches; 
the river Ottawa*, which marks for by the arrangement at the termination 
many miles the separation of Upper and of each length of plank from the ends to 
Lower Canada, to make a communica- the middle, one is omitted; at every 
tion between the banks, near the Chau- such place a radial brace holds the rib 
didre •'Falls. The span was 212 feet, and an horizontal compound beam above 
with a rise of 12 feet, or nearly 1-1 8th the level of the roadway; struts, in- 
of the chord; three ribs, 30 inches deep dining towards the middle of the arch, 
by 12 inches wide, formed the under are placed diagonally between the radial 
support, while above them there were a braces, similar to fig, 85, of the Schuyl- 
series of braces and king-posts, in some kill Bridge ; but each opposite pair has 
respects similar to the Schuylkill Bridge, a straining or horizontal piece between 
except that instead of the pieces being their upper ends ; by this method the 
inclined all in one direction they horizontal beam, made up of all these 
were crossed; the struts supplied at pieces, is deepest at the middle, and 
the ends of the bridge were very in- tapers to the ends. The appearance of 
efficient, as the result proved ; the the bridge is somewhat elegant ; though 
there is a great quantity of timber em- 

* Papers of the Eoyal Engineers^ vol. iii. ployed. It consists of two arches, each 

p. 158. of 190 feet span, and 17 feet rise, and 
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the roadway being 18 feet wide, two r> tv r -d -j 

trusses only are given to each arch ; the Chaptee IX.-/ro« Bndges. 

whole is a combination of small timbers, (77.) Owing to the advance of iron 
none being above 28 feet long. manufacture, this substance has become 
(76.) There is another method of a favourite and valuable material in 
using curved timber or Hbs as prime bridge-building; and, judging by the 
means of support, in which the rib is varied and bold attempts made with it 
placed above the roadway, and its in this, as in all other branches of con- 
extremities abut near the ends of a structive art, the most extensive and 
tie-beam or stringer, extending across admirable bridges will be those of iron. 
the whole opening; posts or other ties. Until of late, however, very little indeed 
with intermediate bracing and strut was known of its mechanical character 
beams, connecting the rib and beam at — of its ability to sustain or propagate 
different parts; by this plan the rib forces acting upon it 'under various con- 
stands in the position of rafters in the ditions, which must guide the workman 
common roof, although by reason of its in his disposing of the material in any 
distribution of any forces acting on it case. At present our information is 
the rib is a much better supporter of the greatly increased by the experiments 
long horizontal beam than straight tim- which arose from the manifest uncer- 
bers could be, where the span is great, tainty of the opinions about cast-iron 
In this form the thrust is taken away beams, — by the inquiry how a vessel 
from the abutments. A fine bridge on could be made of rolled iron or boiler 
this principle was erected over the plates riveted together, and possessing 
Delaware, at Trenton, United States, sufficient stiffness, as well as general 
the largest span being 200 feet, with a strength and lightness, for a sailing or 
profusion of timber. There are five steaming boat ; and also in an eminent 
ribs, forming two lines of carriageway degree by another inquiry, which the 
and two footways; the two outer ribs success of the last-mentioned appears 
are nine planks, the three inner seven to have prompted — the capability of 
planks deep, the outer having an actual rolled-iron plates, in the form of a tube, 
depth of 18 inches and width of 13 to span wide and deep waters, or other 
inches. The ribs do not abut on the difficult places, where all ordinary means 
stringers, although the latter are strapped would fail, and sustain safely great 
to it where they meet ; ties descend weights constantly passing through it. 
vertically from the ribs to cross-timbers In comparison with wood and stone, 
under the stringers, on which the some kinds of iron possess great powers 
flooring is laid. Some ties were placed of resistance to crushing pressures ; 
in a direction slanting towards the others bear a great tensile strain, but 
centre of the curve, extending from the extensibility of iron is much less 
the rib to the stringer, — it has been said than that of wood, fir being about 
to counteract the horizontal thrust of two and a half times more extensible 
the rib; whether it would or not, depends than cast iron, and pine still more ; cast 
much on whether the stringer is suffi- iron, however, is the kind of iron least 
ciently stiff and has an abutment ; if extensible, — a fact militating against its 
this be not provided, there could be no use in positions where a small sufferance 
assistance from such bracing : it depends of extension would be advantageous, 
also, to some extent, on the state of the The remarkable strength and durability 
ties; if the vertical be tied up more of iron, as a means of support, is 
tightly than the oblique ties, the latter both evident from well-known experi- 
do not act efficiently ; and as there are ments made with it, and many of the 
no strutting pieces between the stringer now numerous structures in which it 
and beam, there is little to prevent an has been used. A couple of iron bars, 
upward flexure at one part while a pres- 5 inches deep, 2 inches broad, and 12 
sure is acting at another. Several railway feet long, placed 5 feet apart, the ends 
bridges, with a profusion of material, simply resting on two piers or supports, 
have been constructed on the principle with planks laid across them, would 
in this country, having a cross bracing support twice as many persons as could 
between each tie or king-post. at once stand upon them, thus forming 

an efficient foot bridge of nearly 12 

feet span; this example is founded on 
the known general strength of ordinary 

N 
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cast iron, the safety of which for such a exposed to the ran^ ragw w31 opai 
form of bridge is mr below wrought or most, and the difierenoe of tevpentan 
rolled iron ; cast iron has, nevertheless, between the inner and oater riiii ii 
until of late, been considered as the frequenthr above BOPz the iqiniNi 
most eligible on account of the cheap- effects of such movements on the jonli 
ness and the ease with which a frame must be considerable. Some atteapli 
or rib of any size and shape could be have been made to dispose the pim 
obtained. forming the supporting rib so that e^ 
(78.) There are objections to the use pansion might be allowed for in the jointi. 
of iron in the ordinary forms of bridges. Another and very serious misfoitiiM 
and difficulties arising in its use, — as the is the rapid destruction of iron bf ml 
expansion of the metal, its rusting or or ozydizement when exposed to the 
oxydizement, the brittle nature of cast, weather ; this corresponds, as &r h 
and imperfect character of much that is efiect is concerned, to the rottiif^ of 
called wrought iron. wood in bridges made of that matandi 
Although the expansion of iron by the process of destrucstion. however, ii 
reason of increase of temperature is the opposite in the two cases, in wood 
great in comparison with wood or stone, being decomposidoD, io iron it is cos- 
it is, in reality, very small ; in a bar of cast position — the gradual combinatioQ d 
iron it is l-168,(K)0th of the length for oxygen with the elementary iron fom- 
every increasing degree of Fahrenheit's ing the rust or oxide ; this action is sbo 
therm.; for wrought iron 1- 152,000th of much increased by the unfiivoursbb 
the length, which shows in favour of cast position in which the metal is plaeed 
iron in this particular ; thus, a bar of when composing a bridge over a stresa. 
cast and wrought iron, each 70 feet These are evils common to all kiodi 
long in the winter, would become re- of iron, yet they afiect in practice mudi 
spectively 70 feet j inch nearly, and 70 less than might be supposed ; ezpanaos 
feet J inch long in summer, taking the cannot be prevented, but the slight 
mean variation of temperature at 30 extensibility, elasticity, and compress- 
degrees. Owing to this effect of tern- biUty of the whole material fomnqg s 
perature, short pieces are to be preferred bridge and its abutments, ap^^eu to 
in construction, as the expansion can meet the case in a great measmei 
be better compensated. In order to Oxydation cannot be compensated, but* 
ascertain some practical information on fortunately, it may be prevented to B 
this subject, Sir J. Rennie made a series great extent by coating and reooatiiig 
of observations on the effect of tempe- the metal to protect it firom atmospheric 
rature on the iron work of Southwark influence. 

Bridge, one of the largest in span of In addition to these common proper- 
ordinary iron bridges. He found that ties which distinguish <:ast and wroudit 
the arch on the Southwark side of the iron, and point out that service &r 
river (230 feet span, and 18 feet 10 which they are respectively best qnaM- 
inches rise) rose l-40th of an inch for fled, cast iron being of a ciystaUiDe 
every increasing degree of temperature, and brittle character renders it a doobtp 
or, taking a variation of 50^, it rose one ful supporter where cross strains are 
inch and a quarter, which is about half concerned, or any exercise of tensile 
an inch less than the amount obtained force ; where, however, a uniform 
by calculation with the expansibility of crushing pressure is acting, and great 
cast iron, as given by Lavoisier '^. This stiffness required, this description of 
is certainly a small quantity, and, as iron is most useful. Shocks and twists 
respects tne elevation of the line of exert a disastrous influence on the parti 
roadway, of no consequence ; but the of cast-iron beams ; also anything which 
expansionand contraction to this amount, causes vibration, for the particles sood 
year afler year, must have a considerable separate beyond the circle of their 
effect on the connected parts of the mutual cohesive attraction. Many and 
bearing framework, for not only does serious accidents have proved the 
each rib in an arch expand, but they do danger of using cast iron under such 
not all expand equally; those parts unfavourable circumstances, although, 

when it. is considered how carelessly 

• TUs philosopher stated it to be '00000618 ^^i^ material has been applied, ai 

of the length for 1° F. Daniell (Phil Trans., though it could not be too severely 

1831) gives it '00000595. tried^ the surprise is that more accidents 
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have not occurred. Wrought iron, by shape and arrangement of the material 

the processes through which it passes, in girders arising from these inquiries, 

becomes fibrous, and is not marked by or evidently, in many cases, from a 

that brittleness which characterises cast strange caprice, are surprisingly nume- 

hron : it is, at the same time, less able rous. Simple girders are very commonly 

to resist compression in the ratio of made of the following sectional forms : — 
about 4 to 5, but through the possession No. 1 is called the double T or I or 

of flexible and slightly-extensible quah- X girder ; and the second form, used 

ties, it is much more trustworthy : the either as in the figure or with the broad 

oljection to its use is principally one of side uppermost, is the T girder : in each 

the immediate expense. Experience case it is evident that the disposal of 
has abundantly confirmed the conviction 

that wrought or rolled iron is the most Fig, 87. 

proper, and, indeed, only safe descrip- 
tion of that metal for those purposes in 
which intermixed and irregular crushing 
and tensile forces are likely to occur; 
for, generally, they are not completely 
met by judicious arrangements, because 
not thoroughly preconceived. There is 
one fact militating against iron, which is ^°' ^* N®* 2. 

at present little understood, and possibly the metal is such as to obtain a consi- 

on that account generally neglected; — it derable breadth, or rather area of section 

is, the molecular change which occurs to resist extension or compression, or 

in a mass of the metal when subject to both ; while the middle parts, being 

continual vibration, making wrought about the neutral axis, are cast thin in 

iron brittle and cast iron more so. comparison, or sometimes partially lef); 

Some have attempted to account for it out, which may be done with very little 

on ordinary mechanical principles, but sacrifice of strength, but with consider- 

from actual experiment, as well as able relief as regards the weight. In 

observation, it would appear that the calculating the strength of such beams 

change is brought about by magnetic to sustain loads placed upon them, there 

(polarising) action : whatever more de- is no need of deducting the strength of 
cisive information may point to as the ' the left out portion as though that were 

cause, it is certain that the effect is a a full working portion of the beam, for 

destruction of the most valuable pro- the broad extreme parts or flanges bear 

perty of iron. the greatest part of the whole force 

Iron is used in bridge-making as a exerted by any load — the lower flange 

girder or simple beam, which is either being in a state of tension, while the 

solid or hollow, the latter being the upper flange sustains the crushing pres- 

latest and most improved kind ; or as a sure. The improvement effected by 

series of plates or frames, somewhat the addition of a flange to the under 

similar in the conditions of their equili- side of the common rectangular beam 

hrium to masonry arches ; frequently, evidently raised the question how much 

however, the frames are in long pieces, more might be gained by a further 

merely disposed in the arched form ; or, alteration in the form of the girder, and 

lastly, as a series of connected bars or has led to the calculation of the strongest 

wires, forming an articulated or flexible form of beam with a given quantity of 

chain or line, hanging between two or material. Mr. Tredgold, from consi- 

more piers, from which a roadway is derations respecting the nature of iron, 

suspended. which proved in some measure to be 

(79.) An astonishing number of bridges incorrect, proposed the double Tt or 

where the span is not very great are the form shown in No. 1 of the above 

made of girders, being comparable diagrams, the flanges being equal in 

with the common beam mentioned in area of section. Mr. Hodgkinson in- 

the last chapter, as influences of any vestigated the subject in the only safe 

superincumbent pressure are simflar ; way, by direct experiments on cast-iron 

the inquiry into the subject has, how* flanged beams; the results will be treated 

ever, been far more extensive with more particularly in the subsequent 

cast-iron beams, owinff to their great chapter on the strength of materials;. 

social importance ; and the varieties of the great point gained, however, wa» 

M 2 



180 



MECHANICS. 



that the strongest form of section is 
according to the following figure :— 

Fig, 88. 




The width of the flanges in his experi- 
ment being— top, 2*33 inches ; bottom, 
6-67 inches: depth — top, 0*31 inch; 
bottom, 0*66 inch; while the interme- 
diate part is only 0*266, or little more 
than a quarter of an inch thick; thus, 
we have the following areas of the 
flanges : — 
Area of top flange ss 2*33 X 

0*72 inch. 
„ of bottom flange = 6*67 X 

4*40 inches. 
These areas are in the proportion of I 



0-31 



0*66 



to 6|, the latter beine the area of the 
lower flange: with Uiis dispoiition a 
gain of 2-5ths of the strength is ob- 
tained over the best common J. formed 
girder; and at the same time shows 
that this ratio is nearly that which ex- 
presses the ability of cast iron to resist 
crushing and tensile forces. Girders of 
a simple kind are much used, espedally 
for railway bridges where the span is 
about 40 feet or less. Owing to the 
acknowledged insecurity of these girders, 
trussing bars have been employed, to 
assist against the tensile force ; the ten- 
sion rod is then carried more or less 
below the cast-iron beam, as indicated 
in Jig. 80, page 170, the extremities 
being fastened to the extremities of the 
beam. Whether the girder is strength- 
ened by this addition depends gr^itly 
on the depth allowed between the beam 
and the rod; little or no assistance b 
given if the rod be confined within the 
limits of the beam; it is evident that 
any stretching force which may be 
exerted on the under side of the beam 
A will stretch much more, the rod b 
being farther from the neutral axis : if, 




however, it be level with the under side 
of the beam it will stretch only as much 
as the material of the beam ; if, there- 
fore, the beam A be of cast iron, which 
allows but a very small extension of its 
parts without breaking, and the rod b 
of malleable iron, which allows of a 
much greater extension (about -njjogth of 
its length for every ton of pressure), be 
placed on a level with the under side, it 
cannot be of any service when a trial 
occurs, except to assist the load in 
breaking the girder. An instance of 
this faulty trussing was exhibited in a 
bridge near Chester, carrying the Chester 
and Holyhead Railroad over the river 
Dee, and attended with the lamentable 
result of a failure, while a train was 
passing over it on the 24th of May, 
1847, by which the train was precipi- 
tated into the river from a height of 
above 30 feet, and several persons were 
killed. The construction of this girder 
bridge, the largest erected of its kind, 
was as follows : — there were three spans 
of 98 feet each, the girders bein^; 3 feet 
9 inches deep and 109 feet long; each 



girder was composed of three lengths of 
casting, which were bolted together, the 
depth at the joints, by the addition of 
cast-iron joint plates, being increased 
6} feet ; the lower flange was neariy 5| 
times the area of the upper ; the mal- 
leable-iron truss bars were placed in a 
series of four on each side of the girder, 
and keyed up tightly at the end of the 
girder by wrought-iron keys; in conse- 
ouence of the length of the girder and 
Uieir reaching only to the under side of 
the cast-iron girder, they were venr 
nearly horizontal, in addition to. which 
some part of their length (near the 
ends) was above the neutral axis, so 
that altogether it is probable they were 
never brought into action ; indeed, after 
the accident, they were found to be 
uninjured. Many and conflicting opi- 
nions were given at the inquest con- 
cerning the cause of the fracture of one 
of the outside girders, which brougjit 
about the accident, the engineer of the 
line contending that it was the result of 
the tender, belonging to the locomotive 
which drew the train, getting off the 
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*»il8, striking the outside girder, aod That one exlends more than (lie other is 
breaking the thin rib between tile very true, hut when tlic tru89-rod is 
flanges. If it was so, still the girder placed at a sufficient distance Trom the 
must have been defective, to give way neutral asia, they will extend greatly 
through such a blow against it ; had tlie before they allow the girder to deflect 
tie-rods been under tension the shock at all. That the tension-rods should 
would have effected only a momentary have a support independently of the 
extension, and the parts directly reco- girder to assist it at all is shown to be a 
vered themselves; but the cast iron, fallacious idea, from the fact that if the 
already strained by the train upon it, girder could receive all the pressure as 
could not recover fioin the blow ; and a crushing effort it would be most safe, 
possibly the circumstance of its liaving owing to its great strength in resisting a 
been loaded with twenty waggons of force thus acting; but if the tie-rod be 
ballast but an hour or two before the properly applied, as before stated, its 
train came up considerably strained the function is exactly such as to convert 
beam. It was stated that the girders the tensile into a crushing force on the 
were proved capable of supporting more beam, for when the load tends to deflect, 
than could be placed upon them, but it strains the rod first; it exerts a corre- 
tllis plainly is an argument little to pur- sponding pull on the ends of the girder, 
pose I testing weights are dead weights which tends to crush the latter, and, 
— they are applied gently, whether supposing the tod to be so strong, it 
actual weight or the hydraulic press is could not give way, except the cast iron 
lued — but that is not to be compared were first crushed. 
with the rapid passage of train loads, (80.) The trussing of a cast-iron 
which produce a series of concussions girder for the sake of security, however 
at all limes ; and besides these things, well effected, still appears like patcliing 
the continually 'increasing brittleness of a piece of bad work ; and as prevention 
iroii caused by vibration (art. 78) no is far better than cure, and the greatest 
doubt made these girders less able lo safety is not to be exposed to danger, 
bear this impulsive force. many plans have been oflered to the 
The bridge is now strengthened by public within the last few years for 
an under trussing of two struts and in- applying wrought iron alone in the 
termediate straining beam, similar to formation of girders ; the eariy notions 
the method shown inj^. 81. of this kind being to rivet an opposite 
Many girders of as many forms have pair of angle irons (~l ) to the top and 
been trussed by malleable -Iron rods, in bottom of iron plates : the angle irons, 
a proper sianner, varying in length from which are pieces bent at right angles, 
40 to 90 feet; in some instances the thus formed an upper and lower flange 
caat-iroD beam is very judiciously made similar to the cast-iron girder (j^. BS), 
of a curved form. In such a compound and, consequently, was the important 
girder, if the tie-rod is keyed up lightly, part of the girder — the plates serving 
there is a greater chance of the wliole the purpose of keeping the flanges at a 
of the cast iron being brought into a distance 'from the neutral axis ; a fault, 
crushing pressure, the neutral axis pass- however, was committed in their con- 
ing between the beam and lie-rod; struction from want of more information 
however, probably from the dislike fre- at the time— the bottom flange was 
quently evinced in practice lo inquiring made considerably the larger. Mr. Fair- 
into the principles of anything under- bairn's experiments on the tubular 
taken, much objection, which will not bridges have since proved the ability 
stand before inquiry, has been offered of wrought or rolled iron to be above 
to any improvement on the simple twice as great, as crushing forces, to 
nrder ; truss-rods have been denounced resist tensile, for a solid girder ; so that 
in general terms as useless — for what the upper should be above twice as 
reason has not appeared; again, the large in area as the lower flange. 
difference of expansion of cost aod (61.) There are two forms of con- 
wrought iron has been urged, but this struction, one of which is, we believe, 
difference is only l-2,460,000th of the al present a proposition, in immediate 
length, so that in the longest girder — the principle very closely allied lo the ordi- 
Dee Bridge — the rods expanded by a nary girder; — one is that called the 
change of 30° of temperature 1.60lh of lattice bridge, and the other an arrange- 
inch more than the cast-iron beam! ment set forth by M. Busae. The 
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lattice girder is analogous to the wooden was so, or distributed over the snrftoeb 
lattice bridges of Mr. J. Town, men- and whether it was the breaking weight, 
tioned at page 170; they are composed does not appear. M. Busse supposed 
of loncitudinal upper and lower ties, that as his model was in cubic dimen- 
with thin bars of iron intervening, and sions 1-I2th smaller than the intended 
crossing each other. There is a bridge spans, the latter would be in strength 
of this kind on the Dublin and Drogheda proportional to the cube ; that is, the 
Railway, of 64 feet span, the bittice strength of the full-sized bridge might 
being 10 feet deep, and formed of flat be thus calculated, 2 tons x 12* ss 
wrought-iron bars 2} inches wide and 3456 tons. Upon such a supposition 
j3-8ths of an inch thick ; they cross each the inventor reckons that two trains of 
other at an inclination at an angle of heavy locomotives on each line (which 
45^, or so as to form the diagonal of a would weigh 144 tons) would be but 
square. The roadway is sustained at the twenty-fourth part of the load it 
about midway between the top and could carry : this, however, is certainly 
bottom of the lattice, upon cross beams not the case ; the weight of the bridge 
two feet apart. truly increases as the cube of the sise, 
The bridge proposed by M. Busse is but the strength appears to be about as 
one wholly composed of wrought iron, the square : on this supposition hii 
being, in effect, a trussed T girder. The bridge would have a strength of 
arrangement is intended for ravines or 2 x 12^ ^ 288 tons, which is equal to 
other places inaccessible for erecting double the load of locomotive ensines 
centres, or building arches. Seversd proposed as a maximum : the weight of 
girders, made up of two 1 pieces with the materials has first to be deducted 
two or three plates between them, from the above strength, which, there- 
stretch from pier to pier, while as many fore, would give useful or available 
bars, linked together, pass underneath, strength somewhat less than the above 
and are kept at a distance below the amount. It may seem that such a cal« 
girder by two pieces of iron acting like culation exhibits the bridge as inefficient; 
two legs, — a screw joint in the middle but much depends upon the manner in 
giving opportunity to tighten this truss- which the model supported the two tons; 
rod at pleasure. Above the girder there if it was placed on or hung from the 
is a lattice work extending some 20 feet middle, the result is greatly modified; 
in height, affording additional security; in that case the locomotives are not 
the inventor adopted it for another pur- equal in weight to one-half the strength, 
pose — that he might suspend a second because they are distributed over the 
roadway near the top of the lattice, thus whole length of the span, and such a 
making one way for railroad and another load is known to be equivalent in its 
for common road traffic. The piers are effects to one-half its weight, or 72 tons, 
another and more novel portion of his placed at the middle; then, as the 288 
proposed structure; they are arranged tons would represent a load placed at 
with a series of plates, meeting on edge, the middle, it would be equal to four 
and forming a kind of pyramid, about times the greatest probable load. BL 
one-fourth as broad at the base as it is Busse is no imitator in applying wrought 
high. Piers or pillars of this description iron for supporting a bridge, if we may 
can be quickly built up, to heights of credit his remark that he knew of no 
200 or 300 feet, while their weight is bridge having been previously built of 
small, and, if in rivers, they offer very wrought or rolled iron ; probably he 
little obstruction to the current. M. was not aware that experience luul 
Busse designed his truss- work for open- brought many to use it some years 
ings or spans of 100 feet, and 24 feet before his invention appeared. It is, 
wide, with a series of five trussed nevertheless, from its simplicity and 
girders ; and very properly submitted capabilities, well deserving attention, 
this idea to experiment, with a model (82.) At an early period of the intro- 
•1-1 2th the size in every respect of duction of plate iron for girder-making, 
the intended bridge; so that it was the idea of tubular or hollow beams 
'2 feet wide, and 100 inches, or 8 feet appears to have been developed, al- 
4 inches long. On this little bridge he though the construction of the early 
placed 40 cwt. or 2 tons, which indi- tubes does not evince the least attention 
cates considerable strength, if it was a as to the proper distribution of the 
load placed in the middle; whether it material. The great improvement in 
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tfaew owftil fbnni hai bem made bj the liiquirf 

Mr. Faiibaim, who [Mtented hii inTen- 

tioD Dear the end of the jeaz 1848. It 

WM one of the results of hit esperi- 

mental inquiries to discoTer the beat 

fimn of tuibe ch' girder for crosuug the 

Conway River and Menai Straits, which 

be began during the pren'ous year. It 

will be iuffident to deicribe the parts of 

this new girder, without entering into 
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I strength, as 



the subsequent detail of theespennents 
made for the tubular bridges will supply 
the information. The following figures 
exhibit « bridge erected on this principle 
over the HiTec Treat at Gainsborough, 
for the lilanchester, Sheffield, and Lin- 
colnshire Railway. There are two 
' ■ " ' " wide, accordl-o ._ 




Tiew, but presents an bclinatioa to the 
direct line of vision, owing to the 
oblique angle at which the line crosses 
the river. There are for each opening 
two girders, one on each side of the 
rails, with a width of 26 feet between 
tben; the peculiari^ of th«r formation 
is shown in _fig. 91, and may be divided 
into three parts, the cellular top, sides, 
and double-plated bottom. Bearing in 



FigM. 



W 




recollection the character of a load- 
supporting beam sustained at eacli end, 
we observe that tite provisioa bere 



made for resistance to crushing and 
tensile forces is the principal feature in 
the beam. The upper side is composed 
of two rectangular cells or tubes, B B, 
of 36| inches total width, and their 
depth is 15 inches; the plates are well 
united at the corners by rivets and 
afigte-irons. The lower side c is simply 
a double thickness of plates, 36 inches 
in width, presenting a lees sectional 
area to meet the force of tension than 
the upper cells to meet that of com. 

EressioD, according to the fact discovered 
y the inventor — that the rolled-iron 
structures can be crushed much more 
readily than torn asunder. The sides C, 
which serve principally to keep the 
parts in their intended form, are of thin 
plates, strengthened or atjflcned on the 
inside with ribs dafT iron. The whole 
is indeed, for the most part, a miniature 
representation of the celebrated tubular 
bridges. Between the girders extend 
cross-beams A of iron plate, and com< 
mon rectangular section, carrying longi- 
tudinal betuns of wood, whereon tu« 
rails a are laid ; these cross-beams are 
placed 4 feet apart. An addition is 
made to the esleNial face of the girders 
in the shape of an arch, seen in th« 
elevation andsection at A; it is professedly 
for mere ornament — to relieve the broM 
surface of plating ; as such it is but an 
incumbrance, but plainly it might be 
turned to use against compression. The 
following are the general measures of 
the girders : — 

Clear length . . . 154 feet. 
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Depth of cells . . .1*25 feet. the railroad crosses it, is *. deep and 
Total width of cells • SJ^ „ rapid stream, the level of the raib being 
General width of girder 2^ „ little more than 20 feet above the waters 
Width of bottom platen 3 „ line, while the opening to extend acroH 
These girders are both light and strong, the whole current must be at least 400 
allowing but a small deflection with the feet ; an arch, therefore, which should 
heaviest loads ; one of 60 feet span and have the unheard-of span of 400 feet, 
6 feet deep was deflected only 0*4, or with only 20 feet rise, was out of the 
less than half an inch, by the load of question. The straits also are, in many 
three heavy locomotives driven at a parts, very deep, with a rapid current; 
slow and quick pace. The greatest the rail level, however, to within a few 
span hitherto erected with the tubular- feet of the shore, on the Carnarvon 
celled girder is 200 feet. side, is about 100 feet above the water; 
(83.) All bridees where the upholding this would permit the rise of an arch, 
parts rest at each end on some supports, and it was proposed to venture two 
and sustain a roadway by compression enormous cast-iron arches, of 450 feet 
of the upper, and more or less tension span each, the middle abutment or pier 
of the lower side, are essentially girder being the Britannia rock, which is seen 
bridges ; their value is calculable on the at low water about midway between 
same mechanical principles, and they the shores. This project, though bold, 
must be treated with like care and is not equal to that of*^Mr. Telford, who 
adjustment. The chief value of the offered to replace old London Bridge 
girder, besides ease in construction, is by an iron arch 600 feet span; and 
the opportunity it affords for throwing a tnere is no reason why it should not 
way across any open place without the have answered. The engineer was 
annoyance of a rise in the roadway, or compelled to abandon this idea, owing 
blocking up a portion of the opening to the opposition of the Commissioners 
with heavy haunches or spandrels, which of the Admiralty, who required a clear 
occurs generally in arches. In addition way above high water of 105 feet, that 
to these inconveniences, there is the vessels might freely sail under it. As a 
erection of piers at intervals, probably suspension bridge had been found to be 
of not more than 90 or 100 feet, because quite inapplicable to railway traffic, 
of the otherwise great rise of the arch owing to the great undulation during 
at its crown, even in the elliptical or the passing of a train, some untried 
flat curve ; but where girders such as means of obtaining supports for open- 
the last mentioned can be applied to ings of 450 feet had to be discovered, 
the extent of 200 feet span, much of Mr. Stephenson, the engineer of the 
the labour of constructing foundations line, then considered the possibility of 
for piers is avoided. The value of a adopting a modified suspension bridge — 
girder form of support, in all these or a tube of a circular or oval form, 
respects, has received a remarkable through which the trains were to run, 
exemplification in the celebrated and, with side-suspending chains; thus, while 
at present, most gigantic tubular bridges, the chains gave support, the tube would 
over the Menai Straits and the Conway impart that rigidity to the roadway 
River. It was a most fortunate circum- which is requisite. Under these cir- 
stance for science that these structures cumstances the matter was referred to 
had to be designed and erected, — the Mr. Fairbairn, who proposed a self- 
series of experiments undertaken in supportingtube,foundedon theefliciency 
order to discover a means of passing ofsteam vessels, made of thin iron plates, 
over a wide and deep river and strait, to support loads in them without in- 
without obstructing waterway or mari- jury*. From this time (April, 1845) a 
time traffic (even for any length of time), series of most interesting experiments 
having enlightened us greatly con- were conducted by Mr. Fairbairn to 

cerning the character and capabilities of 

malleable iron, when in plates riveted »ti- ^ y^ r i«. 

together. The Chester and Holyhead ^ In the evidence before the Railway 

'D^;in,o.r „r««««o* ^*u«- A-4Xi^,,u: ' Committee of the House of Commons, Mr. 

,^.3;. r,^fl ''i? '. w 1 '. !1 Staphe...on«idthatMr.Pairbaimhadtoldhim 

Its course through North Wales, had he W. building an iron Te««el, 220 feet low 

to pass over the River Conway and „hich, when finished, .hould. being .uppo^ 

Menai btraits; the river at Conway, at each end only, carry a weight of lOoo ton 

which IS close to its mouth, and where of machinery in the middle. 
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determine the best shape of tube^ and showing the principal steps in devek^ 

best distribution of the material. ing the magnificent result. 

It is impossible to enter into the (84.) The operations first undertaken 

whole series of inquiries, with notices were on cylindrical tubes of thin iron 

of the fears, failings, and successes, in plate, the tubes A during the trials being 

all cases interesting and instructive, supported, at each end, on firm blocks B, 

which attended the earlier stages of the (^. 92,) which were cut out so as to 

proceeding*; we shall, therefore, give a give the tube more bearing than the flat 

short notice of the order of experiment, surface could offer; a hole was abo 

Fig. 92. 




made midway between the ends of the riments were made on cylindrical tubes, 
tube, that the trial weights D might be the general numerical results of which 
suspended from the inside. Nine expe- are shown in the following table : — 









Table I. 




Distance 








No. of Ex- 


between 


Diameter. 


Thickness 


Ultimate 


perimeot. 


supports. 




of piste. 


deflection. 




ft. in. 


in. 


in. 


m. 


1 


17 


1218 


•0408 


-39 


2 


17 


1200 


•0370 


•65 


8 


15 7i 


12-40 


•1130 


1-29 


4 


23 5 


18-26 


•0682 


•56 


5 


23 5 


17-68 


•0631 


•74 


6 


23 5 


1818 


•1190 


1-19 


7 


81 3i 


24-00 


•0954 


•63 


8 


81 3i 


24-30 


-1350 


-95 


9 


31 8i 


24-20 


•0980 


-72 



Remarks. 



Breaking 

weight, 
lbs. 

3,040 Crushed top. 

2,704 GruBhed top. 
11,440 Tom asunder at bottom. 

6,400 

6,400 
14,240 

9,760 
14,240 
10.880 



n 
it 

9t 



it 



ti 
it 



it 



tt 



it 



The first and second experiments course of each experiment — the suc- 

indicated the greater weakness of the cessive alterations in appearance and in 

top, while the remaining seven were deflection which attended the addition 

torn asunder at the bottom. That the of weight. One very objectionable 

former should have readily puckered is character of the circular tubes proved 

not surprising when the tnickness of to be their tendency to change of shape 

the plate is remembered ; for a tube of under pressure — ^the sides collapsing, 

17 feet long and one foot in diameter, a and, of course, pushing the top and 

thickness of material about 1 -25th of an bottom farther apart ; and, unless cir- 

inch is surprisingly small ; the thicker cular blocks were fitted in at each end 

plates, in the subsequent experiments, of the tube, the ends became flattened, 

successfully resisted the crushing pres- the sides spread out, while, in the 

sure. The first of the second class middle, they were forced towards each 

(Exp. 4) was torn across the middle, at other, showinz very little stiffness ; 

the place where the hole was made for this weakens the whole tube, while it 

the suspension of the weights ; all the partially accounts for their inferior 

others gave way at the rivet joints, amount of deflection in comparison 



The nature of the results in these trials 
more clearly observable from the 



IS 



with the subsequently - tried forms. 

With the heavier weights, therefore, 

these tubes are rather to be considered 

as elliptical, or oval, than circular. 

• See " An Account of the Construction of ^ These experiments, while they afford 

the Britannia and Conway Tubular Bridges, abundant evidence of the powers of 

by W. Fairbairn, C.E., Ac," which supplies us wrought-iron tubes for the purpose 

with the whole history of thit investigation. designed, show the impropriety of a 
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circular form. Mr. Fairbaim then pro- several ezperimenta» obtained ftbe feU 

ceeded with elliptical tubes, and, by lowing results '^-^ 



NOb of Ek- 
perimenta 

19 
20 
21 
22 
24 



Distenee 
between 
•upports. 

ft. in. 

17 

24 
24 

18 6 
17 6 



Tabli II. 



Diameters. 



} 



in. 

14-62 
9-25 
21-66 1 
18-50 / 
21-26 1 
1 14-12 / 
/ 12-00 1 
I 7-60/ 
J 16-00 1 
I 9-76/ 



ThickneM 
ofplmtflh 

in. 
•0416 

•1810 

•0688 

•0733 

•1480 



Ultimate 
deflectioii. 

in. 
•607 

1-85 

•45 

•95 
1-89 



Breaking 
weighL 

Ibfc 
2,100 Crashed top.' 

17,076 Torn asunder at bottom. 

7,714 Top doubled up. 

6 867 1 ^^ ^^^ ^"^ a fin on 
' \ the top, which gaye way. 

15,000 Bofli sides ruptured. 



In four out of the ^ve trials these 
tubes gave way by compression ; in the 
22nd experiment the top of the tube 
was strengthened by a fin a, which 
extended the whole length; but the 

Fig. 93. 




result proved it to be of little service, 
as will be noticed by comparing this 
tube with the 24th experiment, where 
a tube a foot shorter, with less than 
twice the thickness of plate, and no 
additional strengthening, bore nearly 
2^2 times the weight. On the whole, 
these figures argue favourably for ellip- 
tical tubes: the 19th experiment, with a 
tube equal in length and quantity of 
material to the cylindrical tube in Exp. 1, 
certainly sustained little more than 
two-thirds of the latter tube before it 
was crushed at the top, but it contrasts 
also strongly with the 24th experiment, 
where, with very nearly the same dia- 
meters, rather greater length, and not 
quite 3} times the thickness of metal, 
almost 7^ times the weight was borne. 
The remainder, however, testify in 
favour of the elliptical form ; although 
stiffness appeared to be yet wanting, 
and the upper parts were too weak to 
prevent crushing. 

Some time before these latter experi- 
ments, and, indeed, at the outset oi the 
inquiry, Mr. Fairbaim perceived the 
disadvantage of any curved forms ; the 
results of trials with a few cylindrical 
tubes fully established this opinion ; the 



rectangular section offered itself as the 
best shape for general strength and stiff- 
ness, and it is not a little remarkable 
that, soon after several experiments on 
rectangular tubes had been made, Mr. 
Fairbaim sketched as the probable form 
which the tube would finally assume* 
nearly the exact shape and arrangemeuts 
actually presented by the bridges them- 
selves. At first a common tube 9HI 
inches square and 17^ feet long was 
tried, the thickness of the plates at the 
top being '075 inch; the bottom and 
sides *0743, or a litde less, the whole 
weight of the tube being 202 lbs.; this 
tube deflected about •037 of an inch for 
every hundredweight, until 3738 lbs. 
were laid on, when it yielded, the top 
doubling up, and the side bulging close 
by. The same tube had a thicker plate 
= ^252, or above a quarter of an inch, 
put on the top ; then it required 
8273 lbs. to injure it, when a joint at 
the bottom side was torn, near to the 
place where the weights were suspended. 
This experiment plainly indicated that 
the material could better resist tension 
than compression; it was, however, 
more strikingly shown in the next trial ; 
the tube being in dimensions as follows: 
— 17^ feet between supports, 9^6 incbet 
square; thickness of the plates— top, 
•0757 inch; bottom, '142 inch; sides 
equal to the top ; thus the bottom side 
was twice the thickness of the top. 
When the tube had deflected 0^94 of an 
inch (by a weight of 3768 lbs.) the top 
plates could no longer stand the pres- 
sure, and doubled up in two places near 
the middle. The same tube was then 
laid with the thick side uppermost, 
when it bore a load of 7148 lbs., also 
a deflection of an inch and three quarters 
before yielding, and then by extension — 
tluis the power of support was increased 
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7148 — 8768 ss 8360 lbs., or nearly as the same treatment with another tube» 

much again, by simply turning the tube the results of which, with all the expe- 

upside down ; afterwards more than riments on rectangular forms, are shown 

double the strength was obtained by in the following table : — 



Tabli III. 



"Na of Ex- 
periment. 

14 

14 a 

16 

16 a 

16 

16a 

17 

18 

23 

29 



Distance 
between 

TT 

17 6 
17 6 
17 6 
17 6 
17 6 

17 6 
24 

18 

18 6 

19 



Depth. Width. 



fai. 

9-6 

9-6 

9-6 

9-6 
18-26 
18-26 
1600 
1325 
13-00 
16^40 



in. 
9^6 
9-6 
9-6 
9-6 
9-26 
9-26 
2-26 
7-60 
8-00 
7-76 



Thickness of plate. 


Ulthnate 


Top. 


Bottom. 


deflection 


in. 


in. 


in. 


•076 


•0748 


1-12 


•262 


•075 


1-10 


•075 


•142 


0-94 


•142 


•076 


1-76 


•149 


•269 


103 


•269 


•149 


1-73 


•260 


•260 


2-66 


•142 


•142 


1-71 


•064 


•064 


1-14 


•230 


•180 


1-69 



Breaking 
weight. 

8,788 
8,278 

8,788 

7,148 

6,812 

12,188 

17,600 

18,680 

8,812 

22,469 



Remarks. 

Broke by comprBstion. 
(Seyexsed). Kztension. 
Compreaaion. 
(Eeyeraed). Extenaion. 
Coropreasion. 
(Beyersed). Compreaa". 
Compreaaion. 



3f 
ft 



fin on top. 
corrugated top. 



By reversing the tube in Experiment 
16, a weight of nearly 12,188 lbs. was 
sustained ; but as the tube still yielded 
to the crushing force, a stronger plate 
was riveted to the top, when the load 
was increased to 13,867 lbs., and after 
bearing it some minutes the plates were 
torn asunder at the rivets, 4 feet from 
the middle. Another character deve- 
loped in this experiment was the supe- 
rior value of greater depth than width ; 
this tube was less wide than the former, 
but nearly twice as deep. These expe- 
riments were such as to inspire con- 
fidence in proceeding with the inquiry, 
at the same time that they pointed out 
several practical points of interest and 
guidance. In Experiment 17, the depth 
was above six times the breadth of the 
tube, with top and bottom plates of 
equal thickness, sustaining a weight of 
nearly 8 tons, with a surprising deflec- 
tion of above 2^ inches ; as might have 
been expected, the tube yielded to com- 
pression. A trial was made in this 
experiment to prove the enduring power 
of the tube — when the load had been 
increased to 14,240 lbs., it was allowed 
to remain on all the night ; but the only 
efiect was to increase the deflection 
from 1} inch — when the weight was 
at first suspended — to 2 inches, or 
merely a quarter of an inch, and when 
this load was lifted off the tube it was 
found to have lost little of its elastic 
power. 

An idea arose in consequence of the 
continual buckling of the top plate by 
compression, to bring, if possible, the 
top side into a state of tension, for 
which purpose Experiment 18 was de- 
signed ; the tube was 37 feet 8 inches 



long, two supports being placed 18 feet 
apart, so as to allow of a portion of 
tube extending beyond them to balance 
the middle span of 18 feet; the lower 
side was horizontal while the upper was 
curved, giving a depth of tube in the 
middle of 13^ inches, but at the two 
supports 17jt inches. The result of a 
trial proved the impracticability of this 
idea, the top still buckling up ; yet the 
experiment showed that the effect of 
the two portions of tube beyond the 
supports or piers was to relieve the 
middle part of some of its weight — a 
circumstance which has been turned to 
account in the Britannia Bridge. From 
the insufficient stiffness of the fin on 
the top of the elliptical tube, Mr. Fair- 
bairn was led to try another compound 
top, shown in the section. Jig, d4, the 
two plates of the upper side being bent 
out to form two cavities or tubes a a, 
extending along the tube; with this 

Fig. 94. 




corrugated top Exp. 29 was made, the 
upper plates being each *115 inch thick, 
or -230 together, the bottom '180 inch, 
and the sides '070, or about l-14th of 
an inch. The little tubes a a were 1*65 
inch in diameter, or about I -9th the 
depth of the tube. On comparing this 
tube with No. 17 in the table, its supe- 
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riority is manifest ; allowinc for the dif- 
ference of length between tiie supports, 
and the top and bottom being very 
nearly the same distance in both tubes 
from the neutral axis, we have a break- 
ing load for No. 17 a little less than for 
No. 29 ; but in the former the plates of 
top and bottom were each *260 of an 
inch ; in the latter *230 at top and *180 
at bottom : the former tube being above 
one-fifth greater in weight than the 

latter. Moreover, No. 17 gave way by ^ . , . . . , 

compression, while No. 29 failed only . Computing the results given in the 
in consequence of the sides teariii ^"^*^^*«.^» cybndncal tubes, we find 
away. This satisfactory experiment the following values :— 
showed an approaching adjustment in Exp. 1, /:= 33456^ 



/^ the force sustained by one 
square inch of section at the 
top and bottom of the tube. 

w = the breaking we^ht(includiiig 
half the weight of the tube). 

ir = 314159. 

From the above formula we find /— 
the force borne per square inch to be 

- uflr 



the thickness of the plates; for just 
*' previous to the tearing of the sides ^om 
the top at the rivets, that part had 
begun to assume a slightly-undulating 
appearance on one side, arising from 
the weakness of the side plate, which 
gave way near the shackle [where the 
weight was suspended]. This was not 
the only part that suffered under the 
strain, as the opposite side was tearing 
from the bottom plate at the same time, 
evidently showing a rapid approach to 
rupture on both the lower and upper 
sides of the tube."* 

(85.) At this period of the investiga- 
tion all the results were collected and 
made up into a report, which was laid 
before tne directors of the company. At 
the same time Mr. E. Hodgkinson, 



Mean 29887 lbs. 
= 13-34 tons. 



2, /= 33426 

3, /= 35462 

4, /= 32415 

5, /= 30078 

6, /= 33869 

7, /= 22528 

8, /= 22625 

9, /= 25095/ 

Fracture in all cases took place either 
by the tube failing at the top, or tearing 
across at the rivet-holes ; this happened 
on an average, as appears from the 
above, when the plates were strained 
13^ tons per square inch, or little more 
than half its full tensile strength. 

" Elliptical Tubes. 
The value of / in an elliptical tube, 



whose assistance had been given in the the transverse axis being vertical, is found 
inquiry, made a reduction of several of hy the following formula : — 
the experiments, showing the resistance f^la 
per square inch (in section) offered by /= — 7mZIT~7T\* 
the different tubes at the time of rupture. ^ ^ i i -^ 
These results it will be interesting to where d, rf, are the semi-transverse ex- 
notice, although from the different be- ^^nal and internal diameters; 6, 6. the 
haviour of some experiments to that semi-conjugate external and internal dia- 
supposed in theory, and the complex meters ; and the rest as before. Com- 
arrangements of other tubes, the results puting the results from Mr. Fairbaim's 
do not confirm or deny, to any great experiments, we have from 
practical value, the experimentally- found 
form of tube for this special purpose. 



lbs. 



•* Cylindrical Tubes. 

The strength of a cylindrical tube 
supported at both ends, and loaded in 
the middle, is expressed by the formula 



Exp. 20,/= 36938) 
„ 21,/=29144V 
„ 24,/ = 45185) 



Mean 37089lb8. 
= 16*55 tons. 



w 



= U(a*- 



al 



(a* -a*). 



*' Rectangular Tubes. 

If in a rectangular tube, employed ai 

beam, the thickness on the top and 

bottom be equal, and the sides are of 



where / = distance between the sup- ^^^ thickness at pleasure, we have 

ports. Swld 

a, a^ =: the external and internal f — 

radii of the tube. 



2 (J, d^—b, rfj»)' 

d,d^ representing the external and in* 
Fairbairn's *f Account/* &c.; p. 247. temal depths respectively; 5, b^ the ex- 
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ternal and internal breadths ; the rest had not been rendered weaker by rivet- 
being as before. iug. 

Exp. 14 gives by reduction — The experiments made by myself 

were directed principally to two ob- 

/ =18,495 lbs. = 8-2566 tons. jects,— 

1 . To ascertain how far this value of 

This is however much below the / would be affected by changing the 

Talue which some of my own experi- thickness of metal, the other dimensions 

ments give, as will be seen further on. of the tube being the same. 

The value of/, which represents the 2. To obtain the strength of tubes, 

strain upon the top or bottom of the precisely similar to other tubes fixed 

tube when it gives way, is the quantity on, — but proportionately less than the 

per square inch which the material will former in all their dimensions, as length, 

bear either before it becomes crushed breadth, and thickness, — in order to 

at the upper side or torn asunder at the enable us to reason as to strength from 

bottom. But it has been mentioned one size to another, with more certainty 

before that thin sheets of iron take a than hitherto, as mentioned before, 

corrugated form with a much less pressure Another object, not far pursued, was to 

than would be required to tear them seek for the proper proportion of metal 

asunder; and therefore the value of/ in the top and bottom of the tube, 

as obtained from the preceding experi- Much more is required in this direction, 
ments, is generally the resistance of the In the three series of experiments 

material to crushing, and would have made, the tubes were rectangular^ and 

been so in every instance, if the plates the dimensions and other values given 

on the bottom side (subjected to tension) below. 

?~«' ?ij™n Depth of Breadth of Thickness of Breaking Zi^^lSHii^ 

Expen- between ^h^u tubes niatM wptahf for crushing 

ments. supports. '""^ *""**• P**'®** weignt. force, 

ft. in. in. in. in. tons. tons. 

1 30 24 nearly. 16 nearly. 0525 67*5 1917 

2 30 24 „ 16 „ -272 22*75 1447 
8 30 24 „ 16 „ -124 5-63 7*74 

lbs. 

4 7 6 6 „ 4 „ -132 9-976 2317 

5 7 6 6 „ 4 „ 065 3156 15*31 

6 8 9 8 „ 2 „ -061 2-464 24-56 

7 9 9 8 „ 2 „ -030 -672 13-42 

The value of/ is usually constant in the results are somewhat higher than 

questions on the strength of bodies of those which would be obtained by rivet- 

uie same nature, and represents the ing as generally applied, 
tensile strength of the material; but it The tube 31 feet 6 inches long, and 

appears from these experiments that it *272 inch in thickness of plates, was 

is variable in tubes, and represents their broken by crushing at the top. This 

power to resist crippling. It depends tube was afterwards made straight, and 

upon the thickness of the matter in the had its weak top replaced by one of a 

tubes, when the depth or diameter is calculated thickness, and by this small 

the same ; or upon the thickness divided addition of metal applied in proper pro- 

by the depth when the latter varies, portions to the weakest part, the tube 

The determination of the value of/ was increased in strength from 22*75 

which can only be obtained by experi- tons to 32-53 tons, and the top and 

ment, forms the chief obstacle to obtain- bottom gave way together." 
ing a formula, for the strength may be This report, while it points out several 

made as in the ' Application de Meca- interesting facts, shows of what little 

nique ' of Navier, part I. art. 4, or as utility known theoretical principles were 

in papers of my own in the * Memoirs to the subject under discussion. It 

ofthe Literary and Philosophical Society points out a superiority of the cy- 

of Manchester,' vols. 4 and 5, second lindrical and elliptical over the rectan- 

series. In the last table of experi- gular tubes ; but this is not practically 

ments, the tubes were devised to lessen true when the experiments are examined, 

or to avoid the anomalies which riveting for it will be remembered that, long 

introduces, in order to render the pro- before breaking, the curved tubes greatly 

perties sought for more obvious. Hence changed their shape, evincing their un- 
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fitness for useful purposes ; so that the perimeni 29, Table IIL» or in a toindv 

real strength of the tube, usefully con- form ; thus Mr. Hodgkinson reeon- 

■idered, is that which it could bear with- mended that suspension chains be used 

out change of shape ; this failing is as an auxiliary in supporting the tube^ 

not exhibited in the rectangular form, because otherwise great thickness of 

Again, the calculation according to the metal would be required to produce 

equation for rectangular tubes supposes sufficient stiffiiess and strength ; never- 

the thickness of top and bottom to be theless, the tubes are now up, with- 

equal, a condition the experiments have standing heavy gales and the pressure 

abundantly shown to be disadvantageous of heavy loads, without suspensioii 

for obtaining the strength of all the chains, and the thickness of the plates 

material, and finds the value of/ in Ex- little more than that of the small tubes 

periment 14 to be only 8| tons, but we used by Mr. Hodgkinson in his ei- 

observe in Experiment 14 a, which was periments I 

with the same tube, but a stronger top (86.) The investigation had now eli- 

plate, more than double the strength cited facts and principles allowing of 

was gained. Such a case is, however, not a serious consideration respecting the 

contemplated in the above equation for probable ultimate form and other coo- 
the rectangular tube. Mr. Hodgkinson's ' ditions of the tubes which should span 
experiments show thatas the thickness of the river Conway and Menai Straits, 

metal is greater, so the value of/, or tlie From a contemplation of the experiments 

force borne per square inch, increased, on rectangular tubes, Mr. Fairbaim pro- 

which evidently happens in consequence ceeded to discuss the proportions of a 

of the superior stiffness of the thick tube of 400 feet span ; he compared the 

plates; but all this is more than gained top and bottom areas of the tubes in the 

with their top plates disposed as in Ex- following cases : — 



&1PI wn An^ 


Area of top 


Area of bottom 




in inches. 


in inches. 


15 


0-142 


0076 


16 


0-269 


0-149 


29 


0-230 


0-180 



Mean 



0-213 



0-135 



Ratio. 

1-898:1 
1-806:1 
1-278:1 

1-659 : 1 



must be found by experiment. This 
was conveniently affoided by Experi- 
ment 29, where it appears the bottom 
area was nearly 2 inches, the depth 
15^ inches, the length 19 X 12 = 228 
inches, and the breaking weight was 
22,469 lbs. = 10 tons, and a very small 
inches in section, the bottom would be fraction over ; then S will be equal ttf 



or very nearly as 10 to 6; in Nos. 15 
and 16, the top area is much greater in 
proportion to the bottom than in the 
last experiment, but the latter proved 
to be nearest to the proper ratio. Thus, 
reckoning that the top of the 400 feet 
tube would present an area of 655 square 



665 X 64 



:= 426*6 inches in area 



the length and breaking weight muhi- 
• ^y plied together, divided by the product 



100 "* • "-^ ^uea together, divided by 

the arrangement of the plates it was of the area and depth, or 



found to be a little more — 441*5 inches, 
and with this preliminary step, the pro- 
bable strength of the great tube could 



S = 



228 X 10 



= 74. 



2 X 15i 

be calculated from the' known rule for We can now find the breaking weight 

obtammg the strength of a beam of any for the tube, which will be = 
known length and depth (in inches), 
with a given area of the bottom side. 441*5 x 312 x 74 



4800 



= 2123 tons. 



The breaking weight is then found 

area X depth x S ^^® '^^ which would be required, ac- 

Breaking weight = — ^r ; cording to this calculation, to break a 

length jyjjg ^f ^QQ ^ggj ^ ^jjj 26 feet (= 

the quantity S representing the specific 312 inches) deep, the width being taken 

strengthofany particular form of beam, at 15 feet. The admirable strength 

or disposal of material, which of course thus predicted from experiment 
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verified in the first Conway tube of 
400 feet span. 

(87.) Although the results we have 
detailed were calculated to give thorough 
confidence as to the safety of the new 
bridge, a little more investigation was 
deemed requisite to determine the pro- 
portions of the parts, on a larger scale ; 
a tube, one-sixth of the dimensions 
purposed for the Britannia Bridge, was 
therefore constructed, and a few valu- 
able and most conclusive trials of its 
strength were made. This model tube 
was 75 feet long between the supports, 
4| feet deep in the middle, and 2 feet 
11 inches wide, and of the following 
figure in section ; namely, six cells or 
tubes in the top, and a plate as before 
for the bottom; the partition pieces 
dividing the top into cells were firmly 
attached to the upper and lower hori- 
zontal plates by angle-irons seen in the 
corners; the sides were strengthened 
hj a line of angle-iron 5, which was 
nveted to them in a curved shape, 
touching the under side of the cells at 



the middle, but descending to the bottom 
at each end. The cross-bar a a, laying 
on the bottom plate, and projecting 
beyond the sides, carried a scale for 

Fig. 95. 



i\\\\\ 




weights by the vertical rods. It will 
be interesting to notice the results of 
each experiment. 



No. of 


Thickness of plates. 


Area of section. 


Ultimate 


Experiment. 


Top. Bottom. 


Top. Bottom. 


deflexion. 




in. in. 


in. in. 


in. 


83 


•147 -180 


24-024 8*80 


4-60 


84 


•147 -156 


24*024 12-80 


4-40 


85 


••• ••• 


24-024 12-80 


5-79 


36 


••• ••• 


24-024 17-80 


4-94 


40 


••• •• • 


24-024 22-45 


3-86 


41 


• • • • • • 


24-024 22-45 


4-89 



Breaking 

weight, 
lbs. 

79,578 
97,102 
126,128 
148,129 
154,452 
192,892 



Remarks. 

Tom asunder. 
One end twisted. 
Torn asunder. 
Tom asunder. 
Tom asunder. 
Top doubled up. 



The bottom side had an area at first 
of nearly one-third that of the top, 
which is not according to the ratio of 10 
to 6 given in the last article, in order 
that the bottom might be successivelv 
altered until the top was crushed, which 
would of course show the limit, as it 
does in the last experiment. The de- 
flexions increased but a small amount 
when the weights were left suspended 
for anv length of time, which, with the 
fact that some time generally elapsed, 
when the last weight was added, before 
rupture occurred, is a great recommenda- 
tion as regards safety. The failing of 
the tube in the 34th trial was not owing 
to insufficient strength in the bottom or 
top, but want of stiffness in the sides, 
a casualty aflerwards well provided 
against; after a X had been placed 
in at each end, the great superiority of 
strength from the increase of the bottom 
area from 8*8 to 12*8 inches, shows 
that the proper proportion was being 



rapidly attained. In the next. Experi- 
ment 36, the thickness of the bottom 
plate was increased to about double that 
in the first trial, without, however, real- 
izing quite double the strength ; but it 
must be recollected that the tube had 
undergone severe strains in the breaking 
of the former bottom plates. The area 
of the bottom side being now augmented 
to nearly 22^ inches, two experiments 
were made, one in which the elastic 
power of the tube was observed, and 
another to obtain information as to the 
effect of a strong wind upon the tube ; 
for the latter purpose it was laid on one 
side, and the weights suspended from 
the upper side ; it was deflected in the 
middle 0*85 of an inch by its own weight 
(5 tons 16^ cwt.), and only 2*36 inches 
more on loading it with nearly 12 tons, 
or *85 -f 2*36 = 3*21 inches altogether ; 
but the elastic power of the tube was 
so unimpaired, that on setting it up in 
its proper position, it returned to within 
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o}itf./tfii/A ^ nil imtA of its fonner figure*. The desired result was now attaiiieiU- 
When the tube was restored to its po- the proportion of area was found wd 
sition, a weight was allowed to remain the labour of experiment ended, 
for several days, constituting Experi- These inyestigations with the modd 
ment 39 ; afterwards additional weights tube are extreai«y instructive and deci- 
were suspended until it again broke by sive ; they point out the necesssiy con- 
tension, tlie greater bottom area ap- ditions to be obsenred in bufldiqg tlie 
pearing to effect little improvement; but great tubes^ the sources of &ilin^ and 
in reality the area at the part which now to guard against them. Not a 
was torn was only 8*8 inches, the place litde important is the elastic power ei- 
of rupture being as before near (21*6 hibited during the experiments, when 
inches) to the middle where the weights loads, near to the breaking weight, had 
were hung; after repairs. Experiment been laid on the platform, lefl on for 
41 was made, when the great weight of some time, and effected a conside^ 
86^ tons was heaped on this model be- able deflection. The three fbllowii^ 
fore it yielded, which was by the tubular instances show a very great preservadoo 
top puckering at 2 feet from the middle, of elasticity :— 

Experiment. Wdght in tons. Time left on. Final deflection. Lonofelaitldty. 

83 80| All night 8-'425 •806 

87 68| 18 hours. 8*860 -480 

88 12 Some hoars. 2*500 about -100 

In the second instance the weight of sidered that a beam should be loaded 

58J tons was gradually removed, while only with about one- third of the bresk- 

the tube recovered itself within less than ing load, to be safe, the elastic limit 

half an inch; in Experiment 38 the being supposed to extend thus &r; 

tube was on its side. So small a de- more accurate practical infonnadon, 

fection in the resilient power of this however, has shown that the idea of ao 

tube, when pressed by such great elastic limit is an assumption not borne 

weights, said much for tlie durability of out by experiment, as any weight affecti 

the intended bridge. Connected with the elasticity to some extent ; the fol* 

this feature of the malleable iron tube is lowing examples prove the greater ea- 

that of its admirable behaviour under a during powers of the material: 

long-continued strain. It has been con- 







Parts of 




Increue of 


Experiment. 


Weight in tons. 


breaking weight. 


Time left on. 
h. m. 


deflection, 
in. 


33 


25i 


7a 


1 


•16 


34 


20i 


^ nearly. 


16 


none. 


36 


45 


i 


21 


none. 


89 


60^ 


u 


9 days. 


•05 



I 



Thus the same tube, after being sub- specific strength (74) exhibited by the 

jected to the previous trials — pulled, corrugated tube, it was found that the 

pushed, torn, crushed, mended, and re- model tube answered very well to the 

mended, bore in Experiment 39 nearly predicted strength ; for, trying with the 

9-lOths of the breaking weight for nine 34th Experiment, we have the breaking 

days and nights, with an insignificant load, according to calculation, 
alteration of 1.20th of an inch. To 74 y^ 12^8 x 54 

such tests as these the real bridge could -^z-z = 54^88 tons ; 

never be subjected in ordinary practice. ^^ 

(88.) After collecting all these data, in the actual experiment 56^3 tons were 
the question was what would be the laid on before rupture, or rather more 
probable strength of the great tubes than the anticipated strength. Mr. 
themselves; taking the method of cal- Hodgkinson, considering 12 torn per 
culation given at page 190, with the square inch to be the strength of the 
tube, concluded its strength would be 

• Of the application of this experiment to ^*^. ^^ns, which, deducting one-third 

determining the effect of a strong wind, we ^^^ joints and rivets, reduced it to 

shall havo opportunity to remark in the de- 990 tons ; then subtracting the weight 

scription of the bridge. of the tube — 450 tons, 540 tons would 
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remain for work, or double that amount giving a somewhat smaller proportion 

spread over the length of the tube (as a for the bottom side than that of the 

train load would be), finally leaving 640 model tube in Experiment 41, which 

tons to resist any strains, blows, and is nearly 24 to 22^: this would make 

vibration. Safety would be equivocal the bottom area 529 instead of 500 

with such nice proportions of strength square inches. 

and load ; but, fortunately, Mr. H. had (89.) The construction of the tubes 
taken a low estimate of the strength,-;-* now rapidly proceeded on the banks of 
14 tons being admissible. Again, the the river Conway and the Carnarvon 
superior riveting adopted by Mr. Fair- shore of the Menai strait ; we shall 
bairn required an allowance of about not, however, enter into the details of 
one-seventh instead of one-third the the Conway tubes, since they are similar 
strength. These improved views of the in all respects to the Britannia tubes, 
tube's good qualities brought its actual but not quite so large, neither are the 
strength up to 1009 tons in the middle, circumstances of their erection equally 
instead of 540, or above four times remarkable with the latter : in describ- 
stronger than requisite for supporting ing the Britannia tubes, both will be 
the greatest probable load. It became explained. Before so doing, however, 
also a consideration whether the top one or two remarks are necessary 
should be a double or single row of on some observations eagerly made, 
square tubes, or cylindrical tubes, for when the first great tube was completed, 
the investigations of Mr. Hodgkinson and lay on its supports ready for floating 
proved that while cylindrical tubes to its destined position. They relate to 
showed a strength of 18 tons to the the deflection under proving loads, in- 
square inch, rectangular only attained dicating the probable breaking weight ; 
from 12 to 14 tons; the requirements the effect of the wind impinging on the 
of practice, however, soon decided in side of the tube ; and the consequence 
favour of the rectangular form, which, of expansion through increase of tem- 
indeed, was much stronger than the perature. 

preceding statement supposes, owing to Mr. Fairbairn thus gives the trial of 

the addition of angle-iron at each corner, strength on the great tube : — 
as shown in the following sections. The 
parts of the first Conway tube were now 
proposed, its length being 424 feet, depth 
at middle 26 feet, and width 15 feet; 



** EXPERIMENT XLII. 



** Rectangular tube 412 feet long, 25 
the row of cells on the top I foot 8^ feet 6 inches deep in the middle, 15 feet 
inches square, and eight in number, the wide, and 400 feet between the sup- 
plates being f of an inch thick ; the hot- ports. 



tom side to be a row of six cells, with 
the floor-plates of double thickness. The 
areas were thus to be — 

Of the top . 565 square inches. 

Of the bottom 500 

Of the sides . 259 square inches; 



Area of top . . 670 inches. 
Area of bottom . 517 „ 

Computed weight of tube, including 
rails and cast-iron frames at the ends, 
1300 tons. 



No. of 
Expeximent. 
1 
2 
8 
4 
5 



Weight, 
tons. 



95 

154 

201 

301 



Deflection, 
in. 

7-91 

9-02 

9-60 

10-50 

10-96 



Remarks. 
The weight of the tube gave a deflection of 
nearly 8 inches : 95 tons left in the inside for 
4 hours increased it from 9*02 to 9*25 inches, or 
*23 of an inch. This weight left on for 17 hours 
further increased it 0*10 of an inch." 



It must be borne in mind that the 
weights were not all at the middle ; the 
first (95 tons) was distributed over a 
surface of 70 feet at the middle ; the 
second over 105 feet; the third over 
150 feet; and the last over 190 feet. 
Taking these deflections, and com- 
paring them with the ultimate deflection 
of the model tube in Experiment 41, it 
appears (as the uldmate deflections are 



as the lengths of the tubes) that this 
large tube would bend 29J inches before 
breaking, and to effect this a weight of 
2200 tons would be requisite, which 
consequently represents the strength of 
this tube somewhat above the highest 
amount presupposed. 

Effect of PTiW.— When the tube was 
completed, and a short time before its 
removal to the piers, a severe gale from 

o 
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the N.w« blew against the side nt an in- proper bearingiB on the pien. Mr. Ste- 

clination uf about 50^, creating nn oscil- phenson proposed a chain bridge, with 

lating motion, with a lateral deflection a railway along it, on which the tube 

of nearly a quarter of an inch ; when might bo drawn across. To tliis, two 

the wind came in gusts, which, if their objections, amongst others, are serious: 

recurrence is regular, like the beats of — the danger of any oscillating motioa 

a pendulum, are most trying on a body while the tube might be moving along the 

free to vibrate, the side effect did not suspended platfbrm.-^and the great cost 

increase above a quarter of an inch, of such a work, consicieriDg it would be 

Although tlie force of the wind is not a mere centre on wliich to arrange the 

stated, a great lateral stiffness was exhi- bridge. This was abaadoned, and, after 

bited by this observation. We cannot, some consideration, it was arranged 

however, reason from this single occur- thus: — 1. Each tube was to be coih 

rence as to the consequences of the structed on the banks of the Conwsj 

storms which are likely to wreak their and the Menai Straits, so close to tlie 

fury on tlie Britannia tubes, exposed as water, that, by a little excavation, boats 

they are 100 feet above the water, and could be floated under it. 2. A number 

spanning a hollow along which the of pontoons were to be constructed, 

tempest rushes violently. which should be placed under the tube 

Effect of the Sun's liaj/t — An ob- while the tide was low, so that in rising 

servation was made, when the tube agaiu it would lif^ up the pontoons and 

rested in its place, to discover the alte- with them the tube ; thus it could be 

rations produced by heat. On a clear floated to the piers. 3. The tube was 

frosty morning in the spring of 1848, thence to be lifted up into its place 

gauges were placed in order to detect by hydraulic pumps. It will be conve- 

any expansion ; and at noon, a shining nient, therefore, to explain each under- 

sun, warming the top and one side, bent taking in this order, 

the tube on that side nearly one inch; 1. T/ie ConUmcHon of the Tube*.'— 

also it appears that the; tube was lifted When tlie plan of operation had been 

upwards in the middle to the extent of settled, preparations commensurate with 

0-7 of an inch, and an elongation of the work to be done were busily made 

three-fourths of an inch also occurred, on the Carnarvon shore of the strait : 

What change of temperature produced a spot as comfortable as the abrupt 

these alterations, we are not informed, shore would allow, about 400 yards 

although it is singular that an experiment from the site of the bridge, was selected 

connected with temperature should be for tite workshops and platforms, while 

made and the thermometer forgotten I near at hand a numerous colony of 

(90.) The reader ban now before him workmen and their families quickly sp- 
an outline of the whole proceeding by pearcd, composed of about 800 men for 
which a mere vague notion assumed a the massive masonry, and 700 for the 
scientifically elegant and thoroughly iron work. The platform extended half 
practical climax, in the working drawings a mile along the shore, accompanied by 
and building of the permanent tubes ; three workshops, filled with plate-cut- 
he may detect the gracilis ad Pamassum ting, punching, and other machines use- 
successively, through experiment di- ful in this particular work, while six 
rected by thought and thought directed neat little steam engines supplied the 
by experiment. It was a sure mode of motive power; five wharves were also 
eliciting a trustworthy result — trying arranged for unloading vessels when 
anything, that the way nn'ght be shown they arrived with iron plates, &c., from 
to something; or, in other words, it different manufactories, 
was, to some extent, the method of The principal iron work was of the 
exhaustion. Although great media- following dimensions : — 
nical labour had now to commence, plates. 
the greater labour was over; — the only For the top, 6 feet long by I foot 9 
exercise of mind hencef'ortli required inches wide, 'i of an inch thick at the 
was care in every successive operation, middle, and decreasing to J of an inch 
Some time previous to the wished-for at the ends of the tube, 
conclusion, many piissing thoughts were For the bottom, 12 feet long, by 
expressed as to the manner in which 2 feet 4 inches broad; from ^ ^ 'i of 
the monster tubes were to be transferred an inch in thickness. 
^Shd their building pUtforms to the The largest plates weighed 7 cwt. 
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^KThe rivets were 1 inch and 1 1 inch ci'lls, or rather tiiliP!, encli uf them 1 foot 

^^niameter. 9 inches square inside, or sufficiently large 

^Vrhe above are the general dimEn- for n mnn conveniently to crnwl through 

^Bfcms or iron work for the ttibea of Ihe for riveting or rtrpttiirtiug: ttie upper 

!■ BriCnntiia Bridge, which were to be <60 piatform a of plal» is, etiernally, very 

feet iu span, 30 feet high at middle, and plain, having the lon^tudinal covering 

14 feet 8 inches wide. A short detail piece b over the jobli, «iid transversa 

I' of its admirable construction ntll re- pii-Les, as U the ude t, connecting the 

e illustration from the accompanjiDg ends ol each [^ale, which, since they 

. in which the same letters do- ha\e to sustain a crnshine pr& 

_. esponding parts. carthillj fitted edigr to edge; 

e top A (J!g. 98) is framed in eight plates are rivstatl tighttr >°s^ 

Fig. 96. 
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one long sheet ; of equal thickneis arc 
the division or vertical plates e, ranoini; 
the sides of each little tube; thej are 
firmly joined to the horizontal plates hy 
angle-iron d, with rivets an inch iu 
diameter and three inches apart. The 
liveling was an opsratian of much itn- 
porlance, since the ereat source of 
weakness in an iron-plate structure is 
the joints. Both machinery and heav; 
hammers weighing 7 lis. and more, 
were used, which effected good ilTelin^ 
The hand riveting was necessary iu 
operations on the tubes in some easel; 
thus, when the top plates had heen laid, 
the holder-up, who puslies a heavy 
hammer against the head of a holt while 
the riveters are hainmeriog on the other 
side, had to creep along the small tube, 
to the required spot, and putting through 
one of the rivet holes a hook from 
which B noose hung, and using it as a 
fulcrum, he could push down the handle 
of Ins hammer under one leg, and (has 
press the heavy head against the end 
of a holt when it should be placed Id ito 
hole. It was quickly supplied, red-hot, 




by the attendant rivet boys througl 
small hole, of which tl ere were manj 
at diRerent places for th s purpose and 
as quickly showed itself through the 
proper hole, when blow upon blow 
Uxed it immoveablv in its place. 

The bolloni of the tube hod also cells 
and a double platform ; but as the 
quantity of sectional area required was 
less than that for the upper part, only 



1 b c jilowed. Alsoi 

pla a as at B (^ J7) were longer— 13 
feet or double the length of the top side; 
for as tl s part of I e tube had to sustaio 
a tearing force, the fewer the joints the 
less loss of strength. Mr. Fairbahn 
devoted considerable attention to thii 
subject, in order to lose as small a por- 
tion as possible of the power of fail 
plates I the result was n system '"'"'" 



! 



1 
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he calls chain riveting, because the of a light colour, and left for some time 

rivets stand in a longitudinal line similar to setde, supported only on its ends, 

to the bolts in a chain bridge. The While preparations were made in the 

plates were double for the lowest plat- iron work, a mighty construction of 

form, so disposed that the joints of one masonry was rapidly proceeding, to be 

series happened at the middle of the in readiness for receiving the tubes, 

other series, thus : — two of the lower This masonry consisted of one grand 

tower in the middle of the Straits, called 

Fig, 99. the Britannia, from the rock on which it 

is founded; this subaqueous rock projects 
upwards to a height which permits the 
curling stream to hide it for a depth of 10 
feet at high water, but as the tide rises 
and falls about 20 feet, there are 10 feet 

rows meet at a, and two of the upper at of its top visible at low water ; this cir- 

6 (Jig. 98), in each case opposite the cumstance, with its admirable equal 

middle of the others* length; a covering- division of the strait, made it a desirable 

plate a and b (Jig.99)vras placed over the foundation for the pier. A base of 62 

line of concurrence, and a series of four feet by 52 feet 5 inches was given for 

rivets 1^ inch in diameter, in a line, this gigantic structure, and successive 

bound each of the ends and rows toge- layers of massive blocks were added, 

ther. With these precautions the joints until the tower rose 230 feet above the 

are considered to be nearly, if not quite level of its foundations ; the faces or 

as strong as the solid plate. sides are slightly inclined, which reduces 

The sides of the tube, although dis- the dimensions to 55 feet by 45 feet 5 

regarded in estimating the strength, yet inches at a height of 102 feet above 

claim a great portion of the credit given high water ; — at this height the tubes 

to the structure for its supporting power : stretch from pier to pier, passing throuph 

they must be stiff, tenacious, and light, openings left in the masonry. The 

not apt to bend out or in, but to main- other towers, which stand at the edge 

tain the upper and lower tubular parts of the water, on the Carnarvon and 

separate at the required distance, with- Anglesea shores, at a distance from the 

out which they would be of no effect. Britannia of 460 feet, are similarly con- 

The vertical rows of plates C (Jig. 97), 2 structed, except that their elevation is 

feet wide, are alternately of three and 10 feet less than that tower. Taking 

four plates deep. At each vertical joint a the height, breadth, and thickness of 

rib or little pillar/ of T iron is riveted, the middle tower, it amounts, in cubic 

tending greatly to keep the sides upright; contents, to 575,000 feet ; but so much 

these T irons bend round at the top of it is left hollow as to reduce the 

and bottom g, giving a further fastening actual contents to little more than one- 

of the sides to both top and bottom half this amount. There are 148,625 

plates ; the bends of these irons are feet of limestone, quarried at Fenmaen 

again assisted by corner plates or gussets. — the northern extremity of the Snow- 

Unlike the bottom and top, the side donian range ; it is a fine hard material, 

plates increase in thickness towards full of organic remains, and forms all 

each extremity ; at the middle they are the exterior work of the towers ; within 

one-half, but near each end they attain are 144,625 feet of sandstone, brought 

five-eighths of an inch. It was important from the new red sandstone beds at 

that care should be taken in stiffening Runcorn, Cheshire. Altogether, the 

the tube at the ends, which must trans- stone in the Britannia tower weighs 

fer all the pressure to the piers, for the 20,000 tons. At the extremities of the 

experiments frequently indicated a ten- bridge, and separated from the shore- 

dency to change of shape at these parts ; towers, by a gap of 230 feet, stand the 

about ten feet from the piers, therefore, abutments, extending 1 76 feet in length ; 

strong pillars of a T form replaced the the ends where the tubes rest are built 

small T iron, making a very nrm firame up with solidity as towers, but beyond 

at those parts. the masonry is merely a shell, with a 

Altogether a tube, when complete number of transverse walls and arches 

and ready for launching, contained about of brickwork inside, and the rails are 

1500 tons of iron, and was held together supported by cast-iron girders reaching 

by about 327,000 rivets. It was painted from wall to wall. 



IW 
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Tliut four prcat and d«ep opening! 
Ii.iil to be ipoiinod by lliu prcpafing 
lubcii i twu bfCwfcii ttip ubutiDcnts and 
land towvr* of iW fitel t'iivli, and two 
ont t!iu walcr, livtn'Ot'n tlie land towen 
luid tlic Uriliuniia ruck towiT, each 400 
lurt. 

ftoalinfflir Tubet^tAndt .iiKretioil 
und tbr«tliuii|!lit was roquirvd obuut tliis 
Hovd oiKTaiHiii. It was fiiiiilly agreed 
to moke use ul' tbc tiiwg tide, as a lift- 
i«g and locoiuulive power, guiding tba 
[treat nuiss at well an pusiiililu by a scries 
of rope* wurked liy copstiuis uu khor«. 
TIk poutuoni ur barECi wore about lOU 
Km toug. 25 A-et widi- at tliu top, and 
10 ImC dee)), muda of iron plutc, aiid 
inlcnially stri-ngtlieucd liv ribs and 
brai.'ci; tliey n^ liud viilvcs U tlic 
bottain. for an ini|>orlaiit piiriKisc. I'.uch 
IMHituon had a tonna-K of 4im tuns, and 
as eight were usod, — I'uur at oath i-nd, — 
3:tUU tons mij^lit liave breii floatt-'d on 
them : llic load tlicy had tu ciu'cy was, 
however, ^uut 1500 tons, wliicli each 
lanw tube wrigbud. Tlic Ai>aiiiig of 
the first Britanuia tube was nu uccasion 
(if great interest nnd excitement ; a 
bridge of lucli unlieard-of character had 
attract<.-d many, and die iniiaiatiun of a 
"something" i» be dunu — verj* extra- 
ordinary — liruujibt rruwds of sight-seera 
to the fiankM <>l tliu Straits. It was late 
in tlw tliiy w lit-n iliis i^iniinlar operation 
Iras iiettiirnKHl ; at seceii o'clock in ilie 
evenii^ of the 2Tth of June, 1849, all 
iittcntiuii was direvlod to one tube lajing 
ipiietty at tlic iilge of the wulC'r, under 
which eight (lontoiina liad been floated. 
Mr. Slephoiuifln, Captain Cluxtoii, and 
others, OHcended the top of l)ie lube, 
awaiting the ri^ng uf the (i.Ie ti> lilt liie 
liriw oft' its bearings, lii order to guide 



the maH loto iU pkcc. two hanm 

had been aUacbed to die Anglem id 
BHtannia towers, between which tb 
tube WM to lie, while tbe tidieTendswm 
liKcd to the shore; theae hawiert, ii 
poising over the pontoons, ran thimigk 
moveable socketa. ao that, by meniy 
working a screw, the ropps could be bcld 
ruat,and the moving tube arrcsledatisj 
moment. All being ready, at tbou[ 
half-past seven evident signs of motion 
were perceived; directly aflerwardi llie 
pijiiderous tube was free, and moved oiu- 
waidki after sevpral incidents ofpajSilj 
interest, and various workings of the 
capstans to lousen or haul in the nqiei^ 
according as occasion required, tu bnoc 
the floating mass into prcviously-agrcM 
" positions," the lube approaclied the foot 
of the towers. One or two movement!, 
and the Britannia pier received one cod; 
soon the Anglesei pier bore the olhn,— 
the ti<lc turned, — the pontoons were sunk 
liy opcuing the vulvea, and the work 
was done. The hitherto silent, wonder- 
ing, wailing multitude, oow Joined •ith 
the less musical sound of cannon, a 
acknowledging the success of llie day's 
undertaking. Of tho nicety required in 
the last motions, an idea may be fomied 
from the fact thai tlierc were not two 
niches to spare between the ends of the 
tube and the towers when ilic forain 

The following sketch will iUuitrat« 
the appearance of the tube at die foot 
of the Angtesea tower. The skies of 
each recess were led uuflnished, to per- 
mit tlic entrance of the tube ; they ailer- 
wanla served to guide the lube In its 
ascent, as well as to bear the cast.iroD 
girders on which the tube should r«ft 
when tlm proper height was attained. 
-.100. 
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The difficulties of canriage were not accordingly, a man pressing with 30 lbs* 
experienced in the land or end tubes ; weight on the plunger would lift nearly 
they were at once built on scaffolding in 10,650 lbs., or 4} tons, laid on the ram. 
their permanent places, — ^no obstraction In this case manual exertion was not 
to the nayigation resulting from this used ; steam engines of 40-horse power 
arrangement ; the great scafTc^s rested were worked horiaontaliy, and opposite 
on piles, and were composed of upright the pumps, by which arrangement the 
with diagonal bracing timbers, about piston-rods of the engines, entering 
100 feet at the deepest parts; they were through the stuffing-boxes of these 
made of strength adequate to bear two pumps, became the plungers at once, 
ubes, each about 1300 tons weight, in All this apparatus was quietly located in 
addition to workmen, instruments, &c. an open space D {fig, 96) in the tower, 
A series of ladders opened communica- immediately above the opening to which 
tion between the bottom and top of the the tube should be lifted. To support it 
scaffolds. — for it must needs stand out from the 
Lifting the Titbes. — In comparison masonry so far as to be immediately 
with the raising of this tube, which laid over tlie end of the tube, 140 feet below 
at the base of the towers, its floatation — a pair of powerful girders E E, one 
was simplicity itself; the care called for on tlie other, for double security, 
in keeping 1400 tons in motion from stretched across the recess before-men- 
smashing itself or something else by a tioned, on each side of the cast-iron 
collision, and to bring it to an inch cylinder; consequently the cross-head 
where it was desired, was a great or beam attached to the upper end of 
achievement; but to lift this massive the ram was able to lift up anything 
framework — an unwieldy length of 47*2 between the girders : these were the 
feet — over deep water and a rapid cur- means of raising. But the next consi- 
rent, without scaffolding, to a height deration is the connection between the 
of 100 feet, was, until one expedient cross-head and tube below; the latter, 
had been proved sufficient, an appall- that no possibility of injury might exist, 
ing task ; that expedient was the well- was strengthened greatly at each end by 
known hydraulic press, an instrument a cast-iron framework, two vertical and 
by whicli power is obtained from velo- two horizontal iron beams fitting round 
city, to an unlimited extent. A descrip- the interior ; three recesses were left in 
tion of this beautiful machine is given the vertical beams, one near the top, 
in the treatise on Ilt/drosiaticg, p. 9. another at the middle, and another near 
The pumps used on this occasion were the bottom of the frame, for the ends of 
made of extraordinary strength, the three powerful cross beams, able to 
cylinder or box of the pump in the Angle- sustain above 3000 tons ; through them 
sea pier being 9 feet deep, 4 feet 10 passed the ends of the chains, which 
inches in exterior diameter, and the extended up to the hydraulic apparatus 
cast iron of which it was made was 1 1 .in the tower, by a series of links six feet 
inches thick — making 16 tons of metal; long, and as shoulders were given to 
altogether the instrument weighed about the heads or eyes of these links, where 
40 tons. In the Britannia tower there they passed through the beams, they 
were two cylinders, which had been laid hold of the under side of the upper 
used in lifting the tubes at Conway, the and lower beams. A succession of 
piston or ram being 18jf inches in dia- links, bolted together as in a suspension 
meter, in a cylinder of 20 inches interior bridge, reached the two ends of the 
diameter, leaving the small but quite cross-head on the hydraulic piston, and 
sufficient space of nearly 7-Bths of an rested there by means of tlie notches or 
inch between the ram and cylinder for shoulders made on the lai^e ends of the 
the water, injected by small pumps l^ links; pumping commenced, and the 
inch in diameter, through little carrying tube was slowly carried up between the 
tubes halfan inch bore and three-^juarters sides of the recess. At Conway, after 
of an inch thick. According to the hy- the pumping had continued some time, 
drostatic principle governing this instru- fears were excited in consequence of an 
ment, the power used at the pump increasing vibration which ran along 
handle is to that given out by the ram the whole tube, caused, it appears, by 
or piston as the ratio of the area of the the reg^ilar and simultaneous action of 
plunger or pump-rod to the area of the the pumps, forcing the water into each 
pistoD. This has been stated to be 1 ; 855? cylinder, at equal intervals, and raising 
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the tube by jerks. Before the pumps brought the notched heads of a row of 

were stopped this motion had produced links just above the edges of these 

a deflection, or rather oscillation, of cheeks, which, being immediately screwed 

nearly an inch and a half in the middle, together, caueht the heads and held 

or equivalent to about 120 tons load! By them fast until the ram should descend 

an alteration, in which alternate, instead to take the next depth of chain, 

of simultaneous, movements of the up- (91.) Afler similar proceedings with 

lifting rams were applied, this destruc- another long tube between the Britannia 

tive pulsation vanisned. Another acci- and Carnarvon-shore towers, the works 

dent, attended with no great injury to rapidly proceeded towards a completion 

the structure, happened with the Bri- of this one line of tube. An important 

tannia tube, after a few links had been operation was that of fastening the four 

drawn up : the larger hydraulic cylinder tubes at each tower, so as to constitute 

in the Anglesea tower suddenly burst, a one tube, 1523 feet long. The extreme 

casualty common with cast iron, of ends of the smaller tubes were lifted up 

course letting the water out, and the somewhat above their intended level 

piston fall. Had it not been for a pro- so that when the large tubes were in 

vision wisely made by Mr. Stephenson their places, and the joining with the 

against such an occurrence, the tube smaller properly effected, the latter beii^ 

would have fallen two feet and a half, if let down, tended to stretch, by theii 

not more, a depth apparently not con- weight, the upper part of the long tubes, 

siderable; but with the length and enor- restoring them, to a considerable extent, 

mous weight of this tube, Mr. Stephen- from deflection consequent on their 

son calculated that it would prove its own weight. 

complete destruction : as it was, although Expansion through increase of tern- 
it fell but one inch, so tremendous was perature was caremllv allowed for in 
the effect that iron beams capable of the arrangements. At the Britannia 
sustaining 500 tons quietly, were broken tower the tube laid simply on the 
down. The provision made was a masonry and girders; but from this 
packing of wood planks under the tube middle point, each way, convenience for 
as it rose, not allowing at any time a fall expansion and contraction was afforded 
of more than an inch : subsequently by rollers k (Jig. 96), on which the under 
still greater care was adopted. The surface of the tube at the piers and abut- 
part which gave way was at the bottom ments rested, while across the top several 
of the hydraulic cylinder, where there cast-iron beams F extended, being fas- 
was a thickness of eleven inches of tened at the sides of the tube by large 
metal ; a piece weighing a ton and a screw-bolts h ; the ends of these beams 
half separated, and fell a depth of 70 or carried a little trough t, extending in a 
80 feet on to the tube, making a severe direction parallel with the tube ; a simi- 
indentation, and, in its fall, killing an lar trough is fixed to girders built in the 
unfortunate sailor, who happened to be tower, and between the two are a num- 
at the time ascending a rope ladder her of gun-metal balls; — allowing the 
between the tube and press. When greatest freedom of motion to the tube, 
the tube at last reached the desired yet bearing a portion — according to the 
height three strong cast-iron beams G screwing up of the screw-bolts — of its 
(see Jig. 96), previously drawn through weight. It is calculated that the pro- 
the outer side of the recess, were driven bable range of expansion will be six 
in underneath it, and the tube was now inches in each half of the tube. 
** home." The under side of the tube is con- 
As the piston of each hydraulic press sidered to be a level line, except when 
was six feet long, the tube could be loads depress it; for in building a rise 
raised only to this extent at every lift; or " camber" is given to the under side 
and while the piston was let down to of about 9 or 10 inches, which being 
be ready for another lift, support had to nearly equal to the amount of deflection 
be given to the tube : this was admirably from its own weight, will, if the tube is 
effected with the notches on the heads left free, give an horizontal line ; in one 
of each series of links ; two cheeks tube, however, which had been left on 
were placed on each side of the chain, its temporary bearings about a fortnight 
and moved towards or from one another (ready for floating), we measured a 
by screws. When, therefore, the ram deflection of 12| inches, or 2j inches 
had reached its extreme height, it had beyond the quantity allowed for by Uie 
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camber. The upper sur&ce is a curve, long, 12 feet high, and 20 tons in weight 

giving greatest height in the middle or each, formed out of eleven blocks of 

at the Britannia tower, where the tube limestone. Dignified they must appear, 

measures 30 feet ; from this point it if for no other reason than their sise ; 

decreases until at each extremity it be- they are, however, in the Egyptian 

comes 23 feet 9 inches ; from these style — ^not very remarkable for anato- 

amounts two feet at top and also at hot- mical accuracy. At a considerable dis- 

tom are to be subtracted on account of tance farther on, the abutment tower, 

the cells, leaving 18| feet at each end, covering the end of each tube, stretches 

and 26 feet in the middle, more than across the way, presenting two large 

sufficient for a tall locomotive; in holes — the entrances to the tubes; on 

width, 13 feet 5 inches clear are avail- a nearer approach the cellular top is 

able between the side ribs. On the visible, and then a long dark tunnel with 

Britannia tower the tubes have a bearing a central opening into light at the fur- 

of 45 feet ; on each shore pier 32 feet ; ther end ; — sometimes little rays of sun- 

and 17^ feet of their ends rest on each light peep through a series of ventilating 

abutment. The approaches to the tube holes, two or three inches in diameter, 

by the line are striking ; until very near which served the purpose of passing 

to them nothing is seen, in consequence red-hot rivets in and out during the 

of the rapid curves taken by the rails ; construction. Small windows have since 

when the turn is made two enormous been added. 

lions first appear, lying on the ends of (02.) The following is a summary of 

two parapet walls, one on each side of the principal dimensions of the Britannia 

the line, resting on the abutments : these and Conway Bridges, principally firom 

gigantic but quiet creatures are 25 feet Mr. Fairbaim's work on the subject : — 

BRITANNIA. CONWAT. 

ft in. ft in. 

Total length of each tube 1523 424 

Greatest span in the clear 460 400 

Height of tubes :^ At the middle 30 25 6 

At intermediate piers ... 27 

At ends 23 9 22 6 

Above high water .... 102 18 

Extreme width of tubes 14 8 14 8 

Number of rivets in one length of tube .... 882,000 240,000 

„ „ whole bridge 1,764,000 480,000 

An idea may be formed of the Altogether about 13,500 tons are cal- 

quantity of iron used in the bridges culated to have been used in the two 

ft-om the subsequent calculated fi- tubular bridges, incurring an expense 

gurcs: — stated by Mr. Fairbairn to be about 

BRITANNIA BRIDGE. 500,000/. 

Tons. (93.) The Britannia and Conway 

I tube, 274 feet long . . 689 Bridges are certainly great novelties ; 

3 tubes ,, „ ... 2,067 that they are reducible to well-known 

1 tube, 472 1,400 principles, is true; but if all inventions 

3 tubes „ „ • .• . • 4,200 and discoveries be treated with similar 

2 tubes, 32 feet long, for join- logic, there proves to be no novelty 
ing on middle pier . . 204 under the sun. No previous work, no 

Cast-iron frames and beams 2,000 precedent in architecture, gave birth to 

■ these tubular bridges, unless, indeed. 
Total weight of Britannia ) j^ ^^q through those habits of mental movements 

tubes f * by which a real object becomes invested 

■ with fleeting shadows, until, like a dis- 
coNWAY BEIDOE. solviug vicw, the former is lost in the 

1 tube 424 feet long . . . 1,146 latter picture: that such was not the 

I tube ,. « ... 1,146 case with the rectangular cellular tube, 

Cast-iroc framai and beams 600 ample evidence is afforded in the expe- 

■ rimental investigation by which it was 

2,892 brought to light. As a new thing, ques- 

— - ticms naturally arise with reference to 
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itfl endurance, and the effects of heavy of a character cafculated to tiy the taia 
traitii and tempestuous winds. Anyaigu- m the moat distresaiqg manner; to vliih 
ment on such inquiries must be to some iact the shattered ooodition of the M- 
extent speculative; but the principles pension bridge one mamingi afteraai- 
by which the structure is governed, the gle night's contest with a raging itan, 
cnaractcT of the material, as far as bore undeniable evidence. Xtus pea- 
understood, and relevant comparisons liar action appears to be a pulsation cf 
with former experience, supply, in this wind at regular intervals, which, shooU 
instance, very ample evidence for judg- they happen just equal to the time oc» 
ment. pied by an exposed chain or free bodj ■ 

The tubes are decidedly not tried to vibrating, will have an effect simihr to 

their utmost, consistent with safety; as that of a person pushing a child's tvif 

tliey are, no possible load can at all — every successive oscillation will i^ 

reach two.thirds of their strength ; it crease, until tlie position of the siorai 

has been stated that the pressure may body or some mjuiy prevent fiudvi 

amount to six tons on every square inch motion. These dead pressures, «d 

of section — a quantity not half the borne, can argue no safety under a tdd 

proved strength ; but this must arise of this description* any more than the 

from a very heavy load. The deflections fact of a body resisting a coosidenbfe 

indicate that, with ordinary trains, a weight can point out its aintity to cope 

small comparative strain is exercised on with a small weight rapidly impingng 

the plate- work; — the Conway tubes arc on iL In an early calculation nude to 

said to bend but one-eightli of an inch estimate the probable power of a tube, 

— an amount absolutely insignificant — taking its weight at 1 000 tons, to ove^ 

when the usual trains are passing through come any aenal effort, the results of 

them : so able arc they for support, that P^xperimcnt 38, mentioned at page 92, 

a tube such as the Britannia, to break are brought forward for data, which re- 

with its own weight, must be extended turns an admirable-looking result; the 

to the enormous span of nearly 2000 pressure of the wind being supposed at 

feet, a length far greater than the whole 50 lbs. per square foot, we find 280 tons 

length of the existing bridge, which also to be the pressure against the tube, 

has tlirce intermediate supports. Indeed, while there are 1000 tons as antago- 

were the tliree towers removed, and the nistic force or power in the tube, half 

tube left with support from the abut- its weight being included in this 

ments alone, which are 1489 feet apart, quantity. But what would a dead 

there would be no danger of its falling, weight of a thousand tons avail against 

The specific qualities of the material, two hundred and eighty or even 

giving elasticity, yet stiffness, suffering half that amount of tons, of appulsing 

many injuries and sudden shocks with- air, acting with a series of successive 

out destruction, and when that is im- intermissions? Experience predicates its 

pending, affording such timely notice inefficiency. If great Snowdon could 

that preventives may be applied ; its be hung up, it would oscillate like a 

exemption from decay, if properly coated, clock pendulum, with the next gale. It 

as manifested in wood and stone, all must be the stiffness of a structure, pre- 

testify in favour of its endurance against venting incipient vibration, on which all 

the adverse inftuences of wear and tear hopes of safety can depend. That the 

firom expected agents. Conway tube was little disturbed by a 

High winds were certainly not forgotten severe gale, on one occasion, resulted 
in precautioruuyarrrangements; although wholly from its stiffness — not weight; 
the experiment made to test tl>e tube the same may be predicted of the Bri- 
sideways, or as the wind would act with tannia tubes ; so admirably are the sides 
greatest effect, was certainly irrelevant stiffened, and particularly near the piers, 
to some extent; a dead we^ht gently as to constitute an almost rigid frame- 
hung from the tube could not be con- work. No doubts need therefore 
pared witii the action of winiis, unless, be entertained of endurance under the 
out of consideration for the new bridges, adrerse energy of pulsatory winds, 
they were to blow quite regular all the Tlus triumph of science must be 
time, and quietly subside. Seidotn. how- classed among the ** wouders,** — when 
erer, are the atmospheric currents 40 complete, for at present but one line of 
orderiy, and lees so at the Menai Straiti; tubes is in use ; the south line is rapidly 
fcarfol stovms have been known there proceeding, its land tubes on their 



EQUILIBRIUM OF STRUCTURES. 



Miifliidi, and the iaiger tnbet. iraitii^ 
tar work, •Caad on tittii tempomj piert 
below. The bridge is certaioly nM k 
bnuKJAil object, coocittiog m it data 
Mitirel; of stntigbt tines and rectandet, 
kroadamdiJBepflatlur&ces. AnastDnuh- 
ing erection every one who beholds and 
contiders will coafeM it to be ; but be 
wast consider as well as bebold, fca the 
parrta are as proportionate in their 
gteatnetc. that an ordinaiy tmveXiog 
view from, for instance, the suspension 
bridge, is not calculated U> eicile the 
smprise wlitch migbt be snpposed. But 
a descent to the water's edge, at * 
stone's throw from the foot of ettlier 
sliare tower, at once unveils its gigantic 

stonework cloae at hand, or that, still 
more enomons, shooting vp out of the 
water to a height not well ^cutated by 
tlie ^e, bat which previous inattuction 
a&nm to be 300 feet ; the ex,tmordiDat7 
distance, too, the spectator is separated 
from this uiwer by the deep waters, 
while M the some time conneciion is 
iDBinL-iined with it by a buff.coloiired 
beam, hanging over the stream, in ap- 
parent readiness to fall, 100 feet abov« 
nis head, — all silently demonstrate that 
an object unusual and magnificent, .to a 
high degree, is the subject of his con- 
templation. Comparison of the un. 
hnonn with the kooirn is at all times 
inwudly recr^ieed with satisfaclion, 
and this is true in regard to the bridge: 
length being so remarkable, the height 
of the longer cubes diminisbes in our 
estimation ; but should it happen that 
painting is required underneath the 
tube, • little board, apparently misup- 
potted. on whtcli a diminutive creature 
has settled, pushtiig about a delicate 
feder against the tasteless -looking beam, 
may be ohserved by ocular concentr*. 
tion. It proves to be a "child of larger 
growth," standing upright and at eue, 
□n a strong platform, securely swnng 
under the mbe, reaching out a stout 
pole with a brvsh full of paint at one 
eitremiiy, by which process the iron is 
preserved from premature decay. Illu- 
sMD at once vanishes; we perceive that 
it would take five tall men, standing one 
upon anotlier, to rnach front bottom to 
top of the lube. Comparison, however, 
oust be ««n(ined to the ordinary — to the 
well-ktBWB and «vny where-seen olfjectB 
of daily coBmanicatio*. Ifweextend* 
ifaMce to «aoMtai* its character in ivifc- 
Mmet to local nmaricabl* things, th» 
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impression of grandeur ceases; eyeing miles! Indeed, in paaring by the noilk. 

the tubes from an elevation, such as the em extremity of the range, whence the 

suspension bridge, or the rising ground white stone for theae towers was qov- 

on the Anglcsea shore, we have laid out ried, we look again for the alteratioo 

before us a scene at once beautiful and • made in the rugged mountain by die 

sublime. Beneath, bearing craft and ships withdrawal of some thirty or forQr thoit 

of all sizes, runs the eddying tide of the sand tons of its body: Peter certainly 

straits, coloured in unison with the soft has been robbed to pay — his debt to 

green banks which restrict its channel, man's necessity, but he is none the 

nowwide, now narrow, and, with its little worse for it. Such is the difierenee 

islands dividing the current, afford a between objects raised near to enh 

delightful irregularity ; the shore of An- other, one by the voluntary, long-con- 

slesea Island slopes to the edge of this tinned efforts of .a progressive ratiooil 

unportant stream, but the opposite being in an age of recognised progressioD, 

land rises abruptly, though not bare, a the other by an involuntary, normal, 

hundred feet and more, and so continues repulsive power, acting possibly fbr a 

northward for a few miles, when it gives few hours only, in past ages of great 

place to the confined waters, which natural changes. 

suddenly spread out into the wide The tubular bridge at Conway is not 
expanse of the Irish Sea; eastward, in equally remaiiud)le; its elevation above 
a direction pointed to by the line of the tide is but eighteen feet, and the 
tubes, a magnificent range of hills pro- abutment-towers are architecturally de- 
jects into the sky its highest peaks, signed to harmonize with the old castle, 
generally associated with clouds, which on the precincts of which one of the 
stream lazily along their green sides ; abutments intrudes itself. Like patches 
from north-east to south-east is the of new on old work, however, there is 
earth-view limited by this chain — but little real harmony between them ; the 
eight miles off in nearest distance, castle, as an object of artistic excellence 
roughly ending with Fenmaen Mawr and beauty, for which it is celebrated, 
dipping suddenly into the sea on the has severely suffered by the addition, if 
north, and with tne notable cloud-capped the fact of occupying one side of it with 
Bivols on the south. With such asso- rails, iron carriage-wheels, and occa^ 
ciate objects the great bridge is located ; sional other things quite novel in the 
it is indeed a grand sight, but the sights inventory of castle furniture, be left oat 
below, beyond, north and south, all are of the question; there is also a complete 
more grand, .and such qualities are re- spoliation of the beautiful suspension 
markable only to our intuitive judgment, bridge, by the proximity of the huge 
when they become so by comparison ; tubes, which have been hoisted withm 
over the Thames, or in equally plain arm's-reach of it, 
situations, the height of the work would (94.) A number of iron bridges, where 
appear astonishing, and the stretch of forms similar to the stone arch have 
the tube terrific. Here we see the been imitated by large castings in iron, 
hollow bridge merely stretching out from do not nevertheless admit of such in- 
the bank before us, and tliis bank, teresting inquiry into the nature of their 
though high, is yet as the sand-ridge equilibrium as the former; for though 
thrown up by a wave, when compared an arch be imitated, there is little of the 
with the elevations beyond ; these ele- scientific character of the arch in respect 
vations are so great that the highest peak to resistance against pressure ; frequently 
— well called in the country's tongue the materials suffer useless and severe 
Ywyddfa {the conspicuous) — venerable strains, because of their ill-managed 
Snowdon, might still soar highest, if arrangement. A bridge at Colebrook 
beside it were placed seventeen Britannia Dale — the first constructed in iron — is 
piers heaped one on another. Not only a semicircular arch of 100^ feet span, 
does height disparage ; the not less with ribs in triads, that is to say, each 
remarkable feature of mountain views — rib is made up of three ribs, one above 
amazing bulk, equally deprives of its another; they were made of castings 
wonder the labour of man. How little a 70 feet long, each being a quarter of a 
large tower not 60 feet square appears circle, or two were required to form one" 
to the eye. when the same circle of rib. Covering-plates rest upon these 
vision includes the bases of mountains, primary supports, and carry the road- 
each spreading over several square way. These ribs might have been 
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ordered to act as shores or equilibrated Wear, at Bishopwearmoutb, near Sun* 

arches, in either case containing the derland, which though so early in date 

whole line of pressure within them ; as as 1796, merits attention and praise, 

it is they cannot be treated as one or not merely for a great span attempted 

the other : they are not at all similar to go soon in the practice of iron-bridge 

shores, because of their quarter-circle building, but on account of the admir- 

fbrm, neither to a common arch, both able manner .in which every part was 

on account of semicircular form and ordered, with but few exceptions. This 

small depth of each rib — only nine arch springs from the abutments at a 

inches. All pressures must therefore height of about 60 feet above hieh- water 

pass without them at some points, being level, which, added to its rise of 34 feet, 

resisted merely by superabundance of affords ample room for large vessels to 

material — ^not a proper disposition. This sail freely beneath. Between the abut- 

bridge was constructed in 1777» over ments there is a space of about 236 feet, 

the river Severn, and appears to be first which opening is spanned by a row of 

in the list of iron bridges built in this six cast-iron ribs, each composed of 125 

country. The roadway is sustained on small frames, delineated in the following 

^ye ribs, which stand upon stone plat- figures ; each frame is about two feet 

forms laid on each bank ; 378| tons of long and five feet deep ; three bars a, 

cast iron was used in this bridge. An four inches square, forming the curved 

accident, showing how very litUe hori- lines seen in the ribs, and transmitting 

zontal thrust or resistance was afforded all pressures, are connected by two 

by these half-arch castings, occurred others b, serving to keep the former at 
not long afler its erection ; a bank wall- 
ing, placed to prevent any slipping Fig, 102. 
amongst some loose strata backing the 
abutments, proved unequal to its task, 
was pushed in, and carried these ribs 
easily before it towards the river. 

Another bridge was erected a few 
years afterward within three miles of 
the Colebrook Dale arch, having a com- 
bination of three ribs under, and two 
ribs, one at each side of the roadway, 
extending to a few feet above it, by 
which arrangement suspension was in- 
tended to b^ given as well as under 

support. Long castings were again a proper distance apart; flat grooves 

used, some being 50 feet. The inner are made in a a, three inches broad and 

or under ribs are 130 feet span, 17 feet three-fourths of an inch deep, to take 

rise, and 15 inches deep ; the outer or wrought-iron bars, or rather straps of 

suspension ribs of equal span stand 34 equally small breadth and depth, but 

feet high ; seven feet of which rise is long enough to slide in a similar groove 

above the public way. As a subject of in another similar frame, which should 

mechanical or scientific concern these be placed alongside ; by this means all 

suspension ribs exhibit an admirable the frames were fastened together. Six 

method of employing the strength of of these simple frames were fixed to an 

cast iron, but their combination with abutment, to make a beginning for six 

the flatter ribs is injudicious ; they are a ribs ; the succeeding frame, like a vous- 

much greater arc of a circle, and larger soir or stone of an arch could thus be 

than the under ribs, and when expansion placed against the first fixed, and both 

occurs there must be a ereater rising of united b^ a wrought-iron strap ; by pro- 

the outer than the under ribs, which ceeding in this manner a fine arch — in 

will have the effect of lifting up the principle as well as appearance — was 

roadway off the inner ribs ; when con- easily erected. Between the ribs iron 

traction occurs the outer ribs sink most, tubes were attached to make one framo 

leaving the roadway to be sustained by of all, and diagonal braces were afle^ 

the three under ribs. Thus alternately wards added to give more strength in 

each class of ribs have to support every this particular. The depth of these 

weight firames is sufiicient to include the pro* 

A bridge was erected over the river bable line of pressure, and so bear it 
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fairly to each abutment ; tlie idea of the 
structure is elegant, and appearances 
correspond ; all being small pieces, there 
could be little difficulty in constructing, 
besides reducing any chance of open 
joints — an accident not unlikely with 
larger pieces, either from improper shape 
or settlement when together. Cross- 
struts instead of rings in the haunches 
would have been far superior as a sup- 
port ; when any pressure acts on these 
circles, four nearly equidistant points of 
each circle arc greatly strained. Fault 
has been found for the unusual reason 
that too little weight of metal was em- 
ployed ; 250 tons of iron was supposed 
to supply too little stability; but all 
experience and science demonstrate 
that it is not the heaping together of 
ton upon ton of material, but its proper 
distribution, that constitutes stability in 
a structure. 

Since the preceding examples were 
built, various attempts have been made 
to extend the use of iron in forming 
bridges with curved pieces, imitating the 
stone arch in form. In some coses 
imitation extends only to outward view, 
each support being a girder, and not 
acting similar to a number of wedges 
sustained by mutual resistance to com- 
pression ; yet this condition is the very 
best for cast iron, for which its strength 
is most effectively and safely exercised ; 
not unfrequently it has occurred that a 
considerable mass of abutment has been 
erected for iron bridges, which, from 
the character of the castings, are almost 
entirely girder-supported, giving no ho- 
rizontal thrust, and requiring little abut- 
ment. 

A proposal was made by Mr. Telford 
for a large iron bridge over the Thames 
in place of Old London Bridge; it was 
to hate a span of 600 feet, with a rise 



of 65 feet, or one-ninth of the span ; ■ 
series of wedge-pieces were to form ■ 
rib, and cross struts at the hauncbei 
filled in the great space arising from to 
great a rise and span. Much discussion 
arose about, the practicabilitj of such la 
enormous arch, and the matter was 
referred to a number of persons suppoted 
to possess judgment in these matters, 
but so much disagreement of opiDioii 
prevailed, that nothing was elicited 
except a possibility of its standine : for 
some reason this idea was* dropped^ md 
the present magnificent stone structure 
preferred; certainly if Telford's bri^Sc 
would have presented such an appear* 
ancc as South wark iron bridge, it n taf* 
tanate for the river view that the stone 
building was chosen. Southworic Bridge 
is the largest of cast-iron bridges; its 
middle arch extends about 246 feet, or 
nearly ten feet more than the beaudful 
bridge at Bishopwearmouth, with a rise 
of 23^ feet; the two side arches ore 
each 210 feet span, and 18 feet 10 
inches rise; eight ribs lie side by side 
to support the roadway, made up of 
plates or wedges, but instead of these 
being light frames, as in Jig. 102, they 
are solid, and as portions of a girder-^i 
top and bottom 4j^ inches thick, while 
the intermediate plates are 2j^ inches 
thick ; as a matter of sectional strength, 
no advantage arises from an extra thick- 
ness of top or bottom, as a comparison 
with the girder cannot be instituted in a 
rib of this kind, and the line of pressure 
appears to travel nearly through the 
middle of each rib, at no part vaxying 
above two inches from this line. The 
ribs ' are in fifteen blocks, 6 feet deep at 
the crown, and 8 feet at each end* 
attached together by means of dovetailed 
sockets and wedges of cast iron : croas 
and dif^nal ties noite all the riba €^ 
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each arch. The spandrik or spaces anti-compresaion power of the great 

between ribs and roadway aoe filled up ribs, which are iDfieaible aiasses, not 

with a cast-iron framing of dBagonal requiring any of those nice considera- 

struts, bearing cast-iron plates, on which tions aiul adjustments necessary in the 

lies the roadway. In tlie middle arch structures commonly called suspension 

there are 1665 tons of iron, and 2920 bridges. There are two bridges near 

tons in the side arches. The laying of Leeds £ramed after this method, 
each rib was commenced at the crown 
or middle, and ended at the springing, 

where bed-plates fastened to the stone- Chaptbr X. — Suspetuion Bridge* .*— - 

work received every terminating block; Hutorkol Notice, — Cbarmetcr of ike 

when this operation had been concluded, Caienaty Curve; Calculation ^ its 

the centres were let free by lifting the Form and Tensions, — Variation of 

whole iron arch with long wedges driven Chain' Section* — OsdUations and Vu 

in at the springings. This is a fine iron brations produced in a Chain Bridge 

bridge, although a profusion of material by passing Loads and Winds, — Of 

has been heaped upon it, neither does the Chains: figure of least tension; 

it present so light an appearance as ^ect of temperature ; length of 

might have been given, and which links; strength of bolts Wire 

marks Bishop wearmouth Bridge — an Cables, — Stability of the Piers. — Of 

equal in width and span within a few the Chain Fastenings,— Descriptions of 

feet, yet six and a half times less weight the Freiburg, Menai, Hungerford Mar^ 

of material was employed ! Southwark ket. Dredge's, ^c^ Bridges, 

Bridge was built by Reiuiie, between 

1814 and 1819, in the spring of which Next to a common log or beam, the 

year it was opened for traffic. most easy and simple contrivance for 

There are many other cast-iron arched establishing a constant communication 
bridges of great merit erected in this from bank to bank of a river, or between 
country. At Tewkesbury Telford con- projecting portions of an intervening 
structed a fine light arch, of 170 feet, gap, is that of a rope or flexible hne; 
across the Severn, with a rise of only indeed, necessity must have given birth 
17 feet; there are six ribs, about 3^^ to the idea*, since, in many parts of 
feet deep, each in eight pieces, iron-bar South America and Central Asia, the 
cross-work filling the spaces between mountain roads between important 
ribs and roadway. A very flat arch was places arc crossed by chasms and tor- 
thrown over the Witham, at Boston, in rents which arc either too wide for a 
Lincolnshire, by Benuie, the rise being level plank, or permitting of no means 
no more tlian four feet, with a span of at hand in early or even the present 
one hundred. Another of Telford's time of making the passage. Journals 
iron arches is a pretty bridge over the of travel afibrd abundant evidence of 
Gloucester and Birmingham Canal, at the use and antiquity of these trembling 
Galton; it readies 180 feet across, and highways in those regions. The Hima- 
rises 18 feet: the appearance of solid laya have their J^oo/af, or rope, stretched 
ribs is here avoided, each piece or across a rapid waterfall or chasm be- 
block of a rib being a rectangular frame tween two logs, wliich are held by up- 
with two diagonal bars joining tlie right strong stakes driven in the banks ; 
corners. this rope is passed over from six to ten 

(95.) Iron bridges liave been built times, for the sake of security, and ear- 
under the specific title of suspension, ries a block of wood or kind of pulley, 

not having any scientific claim to such — 

a name ; they consist of a huge and by * The invention is certainly one prompted 

no means elegant iron rib, abutting by high inttinet merely, as we see the spider 

considerably below tlie roadway, al- swinging to attach a web for future passage 

though stretching far above it in the through the air, or as the prehensile tailed 

middle, from which bars or rods are hung monkeys {Ateles), on arriving at a stream m 

to carrv a roadwav • the latter is thus *^® ^^^^^ ^^ ^^^^ journey, will choose the 

to carry a roadway . ine latter is tnus ^ ^ ^^ ^ ^^ ^^^^ ^^^ themselves one 

hteraly suspended, although a moment s ^^ ^^^^^^ ^^^ ^ ,^,^i„^ ^^^^^ commences 

consideration shows that the tiUe of g^inging until the extreme monkey catches a 

suspension bridge cannot justly be ap- tree on the opposite shore, when the suspension 

plied, since all pressure conveyed by line is cMBpletad and the troop passes over. 

these vertical rods is resisted by an f InSanikritjAv/a means a swing. 
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chain Imngs VOTtically, Ad would vanish, 
or the tension be equal to nothing, 
which we know must be the case. 
These facts show the advisability of 
allowing; a considerable fall of chain in n 
suspension bridge, since, by drawing 
the chains too tightly, the tension be- 
comes very great. At the point of sus- 
pension A the tension will of course 
vary with the weight and length of 
chain ; but supposing that constant, or 
that we are speaking of the same chain 
in different positions, the tension varies 
inversely as d e, or the sine of the angle 
DAE; that is, vls de decreases the 
tension increases; thus, if the chain 
were horizontal de would be least, or 
the tension greatest ; if the chain hang 
vertically, de would be greatest, and 
the tension least — equal only to the 
direct weight of chain. 

The deflection of a chain is, in prac- 
tice, generally fore-appointed as respects 
the middle point C ; that is, it is deter- 
mined to allow a certain amount of 
deflection a C ; when that is done, it is 
still necessary to have some means of 
computing the deflections at each point, 
as b c, where it is purposed to attach a 
suspending rod, that the latter may be 
made of a proper length. This may be 
approximately done by taking the differ- 
ence between half the span, A a, and 
the distance A 6 of the place from the 
pier, squaring the result, multiplying by 
the middle deflection a C, and dividing 
the whole by the square of half the 
span. The quantity thus easily ob- 
tained must then be subtracted from 
the middle deflection, and we have b c, 
or any other ordinate, as may be re- 
quired. 

These must be considered as ap- 
proximate statements; although an equal 
chain figures as a catenary, yet so soon 
as the slightest variation of weight 
occurs, there is a change of shape in 
the whole curve . in actual suspension 
bridges there are suspending rods, and a 
heavy roadway hanging on the chains, 
allowing them no longer a catenarian 
curve ; they appear then to figure nearly 
as the parabola, between which and the 
catenary there is considerable resem- 
blance. 

(97.) A question arises from the fact 
that at the lowest point C, there is least 
tension, whether it is not proper to give 
less material there than at higher points; 
there can be no doubt as to the pro- 
priety of so doing, both because of 



economy and tlie advisAbility of reliev- 
ing the whole chain of all iinnecessaqr 
weight; for it is certain that much St 
the middle portion of chain in bridgei, 
as generally constructed, is perfecdf 
useless, and acts most injuriously in 
augmenting the effect of all oscillatioos 
from winds or passing loads. 

The inutility of providing equal thick- 
ness or sectional area of chain is obviom 
without referring to any difficult calcu- 
lation, if we suppose a chain to be 
suspended vertically, and of five links 
«, bf c, d, e; the highest row e will 
have to support 3 x 4= 12 links: the 
next, dy keeps up nine links ; the subsf>- 

Fig. 106. 

No. 1. No. 2. 
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quent, c, six links ; by three links ; and 
<i, none at all ; yet the series a is made as 
strong as those at e, which have to do all 
the work; if, then, the three top links can 
support the weight of twelve links, or 
four to each link, the row &, having but 
one to each link, has but one-fourth of 
its strength called into action. By the 
disposition shown in the adjoining figure 
(No. 2), something of improvement is 
evident, for there are only the same 
number of links, but the top row has 
five links, while there are ten only to be 
supported instead of twelve, as in the 
present case the e links require to 
be strong enough to sustain only two 
instead of four links each; still the 
lower parts ore stronger than they need 
be. Then, again, we may consider 
what would be the effect on each chain 
of any vibration, such as may arise from 
wind. Supposing the chain (No. 1) to 
be fine and equal, its centre of percus- 
sion or oscillation (in this case nearly 
analogous) would be at about b, or two- 
thirds of its length from the point of 
suspension (see Dynamics, art. 87, p. 28) ; 
whereas in No. 2 it would be nearly at 
c, and much greater leverage is given 
to the disturbing force by the chain 
No. 1 to that by No. 2. Thus the 
latter is far more secure. 
These remarks apply generally to the 
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chain when hanging in the curve, except 
that the lowest link a is not without 
some tension; but, according to the 
deflection, tb9;e is more or less change 
of tension from the middle to each point 
of suspension, for it is evident that the 
tension acts in the direction of the tan- 
gent to each point; thus, A B (Jig, 107), 
being tangent to the curve at E, it will 
express the direction of the strain at E ; 
then measure on the vertical, C D, as 
many units of length, E^ as there are 
pounds weight in the portion E F of 
chain, and from / draw /T, parallel to 
the tangent at F, to form a triangle 
/TE; which, according to the property 

Fig. 107. 




of triangles formed by lines having di- 
rections parallel to those of the forces, 
expresses also the relative amount or 
quantity of those forces (see art. 8, 
p. 117, of the present treatise); thus, 
while through tlie weight of chain mea- 
sured by E/ there arises a tension equal 
to E T at the lowest point, a greater 
tension, equal to/T, bears on the point 
F. We might, by a similar procedure, 
setting off Eg, EA, and other lines to 
express the weights of chain in E G, 
E H, and so on, find tangents g T, A T, 
all showing a variation of tension, finally 
becoming equal to E T. 

The curve formed by such a modified 
chain is not a catenary proper, but 
approaches much more nearly to the 
circle, since the superior weight of the 
upper parts bends those portions more, 
and flattens the curve at its lowest point. 

A bridge supported on such flexible 
lines cannot preserve its form, even 
under the influence of very small forces ; 
the presence of an individual or light 
cart will give a new form to the chain, 
which, through the suspending rods, 
affects the roadway; if it be near one 
extremity, that part will be drawn 
downwards, to the elevation of the 



opposite portion; this, in general, will 
be small, since any weights which pass 
over the bridge are very inconsiderable in 
proportional weight, and a weight equal 
to one-twentieth that of the chain will 
not cause an increase of deflection 
greater than a fortieth at the middle, 
when the middle deflection is one-fif- 
teenth of the span; it is, however, 
felt much more towards the towers of a 
bridge. A slight variation occurs in the 
tensions at different parts ; the point of 
least tension is brought from the middle 
nearer to the weight; the angle of in- 
clination DAE becomes greater, while 
at the farther tower it decreases, thus 
throwing a pressure on the nearer tower 
tending to overturn it in the direction 
D A : these are the actual tendencies of 
the structure, although it would be 
most improbable that such extreme 
effects, in all their injurious conse- 
quences, should follow, since the chain- 
work of a suspension bridge is, in most 
cases, so ponderous that any conceivable 
load commonly passing bridges could be 
but a minute fraction of its weight. 
These deflectional movements appear 
to increase somewhat less than as the 
weight increases ; it decreases nearly as 
the original deflection is less, or as the 
span is greater; it would seem to be 
advisable to give as little depth and as 
great a stretch of curve as possible, but 
as the curve is brought nearer to an 
horizontal line there is great increase of 
strain on the chain ; a medium depth of 
curve must, therefore, be chosen, to 
combine the desiderata of expense, con- 
venience, and security. 

(98.) Another matter of important 
inquiry in suspension bridges is, the 
variety of oscillatory and tremulous 
movements to which such structures 
are subject ; they arise constantly from 
the passage of persons and vehicles, 
and frequently from currents of air. If 
foot passengers should happen to step 
in a time equal to that tiiken by the 
chain in making one, two, or more 
(whole) vibrations from pier to pier, a 
waving motion will commence and in- 
crease while the disturbent is present; 
if the successive impulses be irregular, 
there will be an interference of the un- 
dulations, partially or wholly destroying 
each other. The latter generally occurs 
on the passage of horses; both are, 
however, very injurious; a bridse at 
Broughton, near Manchester, fell, in 
consequence of sixty soldiers marcbi 
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regularly over it ; it was certainly not pendulum of two-thirds its length ; bat 
well built, but such a strain was thrown as the curve becomes flatter this differ* 
on the bolts, through longitudinal vibra- ence diminishes. The following figures 
tion, that one gave way ; a similar acci- explain a few cases : — 
dent, attended with a fearful loss of 
life, happened to a suspension bridge 
at Angers, in France, over which a 
number of condemned troops were pro- 
ceeding on their way to exile in Algiers. 
While the bridge was covered from end 
to end, one of the chains gave way, and 
the unfortunate men were cast mto a 
river swollen by heavy rains. There is 
no reason to suppose, in either case. These approximate values show that 
that the soldiers' steps were synchronal when the ratio of deflection to span is 
with the undulations of these chains, — as one to one, or both are equal, the 
the disorderly interfering vibrations catenary will oscillate in the same time 
being enough, with any predisposing as a pendulum which is in length to the 
causes of rupture, to effect a downfall, deflection as 3 to 4, or 3-4ths of the 
The eflect of these undulations is to latter ; but when the deflection is one- 
carry the middle or lowest point back- fifteenth there is a difference of one- 
ward and forward, which must cause a eighth only between the depth of curve 
sudden strain and shock on the upper and a penai|lum beating synchronically. 
parts at each tower in succession ; an We learn from these racts the import- 
additional strain arises from the roadway ance of reducing, as far as practicable, 
resisting this undulatory motion through the depth of curve in a chain bridge, 
the suspension rods. All these mixed since its vibrations will be very much 
movements give severe jerks to the less, and consequently less velocity and 
bolts, especially at the points of sus- momentum will be attained by the 
pension, where every succeeding wave swinging chains. As this destructive 
must be stopped. Calculation and ex- movement cannot be prevented alto- 
periment show that the motion of the gether, and the available preventives 
middle point increases with the deflec- are only two — variation of quantity of 
tion ; it has been stated as the square chain, and flatness of curve, it is neces- 
root of the deflection, which makes the sary to compensate and provide for any 
augmentation with increased depth of possible disturbance. The two pre- 
curve but small in comparison; it de- ventives mentioned prove also a relief 
creases as tlie span is greater, but in to the parts most ill-used by horizontal 
different bridges, where a deflection is oscillations ; if the chain be one of equal 
given in constant ratio to the span, the strength, that is, varying in section (art 
motion may be reckoned nearly as in- 97) from the middle to the towers, not 
vcrsely to the square root of the span ; only will the vibrations be less because 
the velocity of the undulations increases its centre of oscillation (Jig. 106 No. 2) is 
as the span increases, permitting, as a raised, but having less mass than an 
consequence, less depth of wave. ordinary chain of similar total strength. 

The oscillations arising from winds and that mass moving with less velocity, 
are far more serious, giving a swinging it cannot but greatly reduce the danger 
motion to the whole chain, to which of vibration, and the roadway can better 
there is notliing capable of affording check its motion : the effect of reducing 
certain resistance. A hanging chain, deflection we have just considered, but 
like a pendulum, will oscillate through in so doing we subject the chain to far 
any laterally impinging force with a greater tension at the points of suspen- 
rapidity inversely as the square root of sion with the same force of wind, 
its middle deflection nearly : when the Little care is manifested in most sus- 
deflection is very great, a chain will pension bridges to render the oscillations 
oscillate somewhat quicker than a simple as harmless as possible; should the 
pendulum of a length equal to the de- swing be regular, there is a fearful 
flection, — more so as it approaches a wrenching of the bolts at the towers, 
vertical line, for if both halves of the which are also endangered, but this is 
chain were brought together, it would not the case with a chain tied to a 
*te in the same time as a simple roadway, incapable of vibrating in the 
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same manner; there must be an hori- as it is at E, last fig. This plan has 
zontal undulation combined with the been adopted in a modified manner, in 
general oscillation, producing a strain the Bourbon Bridge (see p. 226) and 
most trying to the bolts and eyes of the others ; its advantage does not consist 
links ; this effect has been much in- only in causing least tension, it directly 
creased in some bridges by making the prevents the oscillations and vibrations 
links very long, so that the leverage of to which one whole curve of equal 
these undulating forces is very great, span would be liable; the expense of 
The above remarks apply only to chains; one pier is saved, as idso a portion of 
many bridges are suspended from wire chain. The principal objection is the 
cables, when the only bad effect of such difficulty arising in building a pier in 
motions is a transverse strain at different deep water, or the middle of a stream, 
parts of the cable, especially at the There is no practical limit to the 
towers, but not nearly so destructive as span of a catenarian bridge if the points 
in the chain-work. It is the curious of suspension or towers may be raised 
property of some winds to move by as high as necessary, and that with any 
starts or fits, often occurring with regular particular or given section or power of 
intervals, and to these are the violent chain ; for, knowing by calculation what 
oscillations to be attributed. Two re- will be the tension with any span and 
markable instances are on record. The deflection, we may assign such a value 
fine chain bridge over the Menai Strait for the deflectioifi as shall bring out any 
was visited by a tremendous storm of desired amount of tension. No bridge 
this character thirteen years after its at present known approaches the limit 
erection ; the chains beat against each of span ; for if we take the weight 
other, to the serious injury of several which an iron rod will sustain before 
bolts, and some parts of the roadway any destructive extension of its parts 
were torn up through the suspending occurs, the limit is about 3000 feet when 
rods, many of which were broken; this the deflection is l-15th of the span*, 
occurred in one night, and on the fol- an extent more than three times that of 
lowing morning the bridge was found to the longest suspension bridge. 
be impassable. Another accident of this Variations of the temperature will 
nature happened to the Brighton sus- affect large bridges to some extent ; as 
pension pier, on the 30th of November, the chain-ends are fixed, any lengthening 
1836; a storm harassed the pier, cans- of it must depress the middle portion, 
ing the four 255 feet spans of which it and with it suspension-rods and road- 
is composed to oscillate and undulate way: this will happen to a considerable 
for several hours, until the third of amount with most structures, since but 
them began to yield ; its side-rail first a small deflection is allowed, when, as 
fell into the sea, when the roadway was is common, it is l-15th, an increase of 
so torn up bv the great longitudinal length of chain to the extent of 1- 1000th 
undulations of the chains, that shortly of its whole length will produce a de- 
ader wards it gave way also ; in this pression in the middle of l-25th of the- 
instance, as probably in the former, deflection. Thus, if a chain 600 feet 
destruction was caused principally by long suffered an extension so great as- 
undulations. 1- 1000th of its length, and its deflection- 
(99.) So long as the preceding pro- were in the above proportion, or 40 feet, 
perties of the chain curve are borne the latter would be increased to 41 1 
in mind, various dispositions may be feet A considerable variation occurs in- 
adopted for suspension bridges. The the Menai suspension bridge, from the 
most common practice is to erect two change of temperature between winter 
piers at each side of the opening to be and summer, since the metal expands 
spanned, and by the chains over them, 1.3040th of its length for 50^ increase 
each extremity of chain being firmly of temperatufie. We learn from this 
attached to masonry or rock under- fact the necessity of allowing a little 
ground. This is probably the simplest space for movements arising from this 
proceeding, and forms an object of great and other causes : if the fabric be made 
beauty. If it be desirable to reduce the rigid it must suffer, but should it be con- 
tension, it may readily be done by re- structed so as passively to adapt itself, like 

moving one tower ; for in order to have '- 

the least tension it is necessary that * Navier, M^moire enr les Fonts Suspen- 

the tangent at one end be horizontal, dus, p. 175. 
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the chain, to meet any change of circum- 
stances, it will, like the latter, escape in- 
jury: alterations have sometimes been 
made subsequent to erection, in order 
to allow of more play. 

(100.) Chmns, as they are called, are 
made for this purpose of long links or 
bars of wrought iron, with holes or eyes 
at each end, through which stout bolts 
ore threaded, and kept in by a nut 
screwed on at one end, and a head at 
the other ; such a chain forms a pol}'- 
gon, through each angle of which the 
catenary curve passes. Various lengths 
have been given to the bars or links ; in 
the Isle of Bourbon Bridge they are 4| 
feet long, in Hammersmith Bridge 8 feet 
10 inches, in the Menai 10 feet, in the 
Union Bridge (over the Tweed) 15 feet, 
and in that at Ilungerford Market, over 
the Thames, 24 feet long. The only 
reason assigned for making long links 
appears to be that of Capt. Brown, on 
whose model the Tweed Bridge was 
erected, — that the iron links are weak 
in the eyes, so that it is desirable to 
have as few eyes as possible ; otherwise 
the long links are very prejudicial, — the 
line of pressure or tension does not pass 
through them, except at the bolts or 
points of junction between each set of 
links ; there must be a constant unequal 
strain on the parts where this line cuts 
the edge of the bars. Again, in vertical 
undulations arising from passing loads, a 
much more harassing strain is commu- 
nicated through the rods to tlie road- 
way; when horizontal oscillations and 
undulations occur, the evil of long rods 
is still more striking, the twisting and 
wrenching at each joint or bolt gaining 
greater effect as the bolt is longer, since 
a force applied at one end has the 
leverage of nearly the whole length of 
the bar, when acting on the eyes of its 
companion bars at the opposite ex- 
tremity; Hungerford Bridge stands re- 
markable for these unfavourable quali- 
ties. 

The bolts are an important element 
in the structure of a chain ; although 
there may be abundance of strength in 
the links, unless there is siinilar strength 
in the bolts, safety is uncertain in the 
bridge. A few pages back Broughton 
suspension bridge was mentioned as 
having given way at a bolt ; in the ; 
Menai Bridge it appears that the bolts 
are not so strong as the chains. Their 
strength is as the cube of their diameter, 
inversely as their length; whence 



we make a formula for calculating their 
power in any case, multipljing the 
quantity by the strength of (or we%bt 
borne by) a bar one foot long, and ooe 
inch in diameter, which is taken as a 
unit; this is 800 lbs; then the role 
stands 



strength 



diameter* 800 
length 



A number of bridges are supported 
by ropes made of wires in place of 
chains; the largest suspension bridge 
hitherto erected, that at Freiburg, is of 
wire rope. Much has been said of the 
inferiority of wires, in comparison with 
chains, but most of those evil effects fitm 
vertical and horizontal motions which 
apply to chains vanish in a wire rope : 
there are no joints to rupture, the 
transverse strains which may happen in 
undulations are very small, and the un- 
dulations more regular ; and there is no 
weakness arising from eyes and bolts. 
In addition to these lesser bad qualities, 
iron wire is stronger than bars, and a 
rope can be made much more easily 
tlian a chain of bars, as there is no 
trouble of adjustment similar to the 
latter : the reasons advanced against 
the use of wire are on the supposition 
of bad workmanship, and, therefore, 
not of moment ; when variation of sec- 
tion, however, is considered, the rope 
is unsuitable in its plain form, which 
makes of equal diameter throughout; 
but where this important improvement 
is not attended to, the objections are 
irrelevant. 

(101.) The points of support require 
less careful consideration than in ordi- 
nary arched bridges, since, if the chains 
be properly placed, there is a plain 
vertical pressure on them ; any more 
intricate consideration must arise from 
improperly hanging the chains or hori- 
zontal oscillations of the chains in high, 
and, therefore, rarely-occurring storms. 
We may determine the pressure exerted 
by the chain according to art. 44 ; the 

Fig, 108. 
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horizontal pull of the central span C D ground surrounding, neither should there 
will be proportional to C a, or the cosine be any allowance for the assistance it 
of the angle AoraCb of suspension, and may be supposed to offer to the chain- 
the opposite pull of the back-stays CE is tension, — a deep flood, or accidental 
proportional to c C, or the cosine of the overflowing of any neighbouring coUec- 
angle B ; also a vertical pressure arises tion of water, may show the untrust- 
from both curves proportional respect- worthy character of the foundation, by 
ively to a 6 (the sine of the angle A of their giving the chains full liberty to go 
suspension) and c d (the sine of B). So where they please. Such an accident 
long as these angles A and B are equal occurred in a suspension bridge, built in 
there is no pressure, except the combined 1823 over the Seine, at Paris, by M. 
downward pressures cd and ab; but Navier; although he had well investi- 
should the chains be brought down too gated the principles on which abutment- 
.rapidly to their fastenings, so as to give equilibrium rested, his bridge was doomed 
a smaller angle at A than B, or vice to demonstrate that the abutments were 
versdj there must arise a strain tending unsound ; when the chains were sus- 
to drag the pier inland or into the water pended, the masonry exhibited a few 
equal to the difference of the cosines ; chinks, which increased to fissures two 
that is, C c — C d, or C c? — C c ;. other- inches wide when the work was com- 
wise it may be stated that the diagonal pleted. In a little time a water-pipe in 
or resultant C F of the two forces acting the vicinity burst, and softened the 
in the direction of the tangent to the ground about the masonry ; in consc- 
curve, as A E (see Jig, 105, ante), will quence, the chains pulled up the stone- 
not be in a vertical direction, but more work, ornamental lions and all, and, 
or less approaching the edge of the piers with the nearer suspension-piers, quietly 
at their base, and endangering their slid into the river. It seems plain, that 
stability : the conditions of their equilj- in this example the weight of masonry 
brium under such circumstances may be was not equal to the pull of the chains, 
learned from the principles stated in and that it stood, before the water-pipe 
art. 44 of the present treatise. Instances burst, merely by the weight and co- 
of chains so placed occur in the Union hesion of the surrounding and incum- 
Bridge over the Tweed, in Hammer- bent earth. The latter material should 
smith, and Hungerford Market. The certainly be employed as far as possible, 
error in these cases permits the chains but only as accessory to the general 
to pull the piers towards the middle of security. In all cases, where possible, 
the stream ; in the Menai Bridge the the chains should be carried in a vertical 
error is on the reverse side ; there the direction through the masonry, and act 
chains have a slight tendency to carry upon it in that direction, for the pull is 
the tower summits towards the land, resisted by all the weight of stone- work ; 
Practically, no destructive result hap- if it be merely slanting, the only force 
pens in consequence of this force, or to resist rupture is the adhesion of the 
those arising from horizontal oscillations, mass of abutment. Also the chain 
because a spreading base is generally should be fixed at the base of the 
allowed to the piers. masonry, as all below the attachment is 
(102.) Next to providing sufficient nearly useless. In M. Navier's bridge 
strength of chain, its secure fastening at this fault was present, and much of his 
each extremity is of greatest moment ; abutment did no work, 
inattention in this respect must prove (103.) The principles of the catenary 
most inimical to the structure. Where curve were known many years since, 
rock constitutes the foundation on which Leibnitz, Maclaurin, and others, having 
a bridge is erected, a natural abutment investigated it by means of a new method 
is at once offered ; the chains need then of calculation which had not long been 
only to be carried down through a tunnel discovered. Its character, as then pub- 
cut in the rock, and attached to a cross- lished, did not invite the engineer to 
bolt or saddle, catching against shoulders turn it to use, and not until by slow 
cut in the rock; such a method of fixing degrees materials were found capable of 
the chains occurs in the Menai and carrying out the idea, and men were 
Freiburg Bridges. In general, however, forced to find some new means for the 
no natural provision can be expected; onward pressure of social improvement, 
and masonry must supply its place ; no did any one think of a catenarian bridge 
dependence can be placed on the light as a means of general transport, Mr. 



216 MECHANICS. 

Finlay, in America, stands first in prac- These are Mr. Telford's resnlts, and 

tical attempts to utilize a suspended dve a greater strength than those of 

chain, and built several bridges of con- Capt. Brown, whose mean is 25 tons; 

sidcrable span on the method which he both cases are supposed to be somewhit 

patented ; one was over the cataract of beyond the truth, as the captain's test- 

Schuylkill, 306 feet long, of two chains, ing machine was calculated to show less, 

deflecting one-seventh of the span ; at while the hydrostatic press showed 

the middle the roadway rested on the greater, than the actual amount; the 

chains. In Europe, M. Belu appears to mean of the two, or 27 tons per square 

have commenced the subject by pro- inch, is, therefore, considered to be 

posing a suspension bri(ige over the nearer the true strength. When the 

Khine, at Wesel, having a span of 820 iron was bent to form chain links an 

feet; this was followed in 1814 by a area of 3^ square inches bore 76 tons, 
proposal still more extensive on the part 75 

of Mr. Telford, for a bridge over the ^^^^^^^ gives — = 21^ tons per square 

mouth of the river Mersey, at a place . , , . ^ , . . ,. , 

called Runcorn Gap ; this structure was ™ch, showing that through bendmg the 

to be 1000 feet span between tlie ^ar *t each end to form an eye, 5^ tons 

towers, with a deflecUon of 50 feet; the ®*^i^. ^''l"^'" ^f*® ^^^^ 
whole supporting work being four pa- . y^^^ ^7 tons is stated as the strengdi 
rallel lines of chains. »* " not to be supposed that such a 

Shortly before this time Capt. S. «^"° could be safely allowed in any 
Brown had brought before public notice Poetical case; long before^ this ulu'mate 
a plan for erecting chain bridges, in number was obtained the bars under 
which long round or flat bars, with *"^ stretched considerably; in experi* 
welded eyes or drilled holes, formed the ?"e°> No. 9 the bar, which was 2 inches 
links, and he undertook a number of ex- j" diameter, bore 100 tons before break- 
periments to determine the strength of '°g» but under a pull of 45 tons it began 
such links in composition, and to what ^^ stretch so much as a tenth of an inch 
extent they might be strained without P^r foot of length, and recovered only 
injunr; these experiments relate not pne-fortieth of an inch when the strain- 
simply to the ultimate strength of iron, ing force was removed; subsequent ex. 
but to tlie strength sliown in a modified periments prove that ten tons acting on 
state, and under certain practical restric- * square inch will injure the elasticity 
tions; ihey are, therefore, valuable as of a bar, but nine tons can be constantly 
specially concerning suspension bridges, home with safety. Thus, from 27 we 
Mr. Telford made another series of ^^^ reduced to 9 available tons per 
experiments, with a similar object, when square inch, or one-third, as safely pcr- 
he proposed the great Runcorn Bric^ge ; missible in a suspension bridge 
and his results, together with those of Steel has been advocated for chain- 
the former and other experimenters, are bridges, on account of its great strength, 
very instructive. Nine experiments were Damascus steel once refined bearing 36 
made on plain iron bars, by stretching 'ons, and twice refined, 45 tons before 
them with an hydrostatic press, and eli- breaking; its scarcity in comparison 
cited the following results : — ^jfb common iron appears to be the 

chief obstacle to its use. 

Iron wire has also been tried with 
reference to its ability as a suspension 
material. Mr. Telford proved its strength 
when suspended vertically, and dso 
when hanging in a catenarian curve 
over props, with weights attached at 
different parts. The results obtained 
in the former position of the wire were 
as follows : — 



No. 1. 


Welsh iron ; 


bore 


tons. 
29 


cwt. 
6 


No. 2. 


Ditto 




29 


16 


No. 3. 


Staffordshire 




27 


3 


No. 4. 


Ditto 




27 


10 


No. 5. 


Welsh 




29 





No. 6. 


Swedish 




29 





No. 7. 


Faggotted 




29 





No. 8. 


Staffordshire 




31 





No. 9. 


[not stated] 


9 


31 


16 




)263 


11 



Mean strength 29 5) 
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No. of 


Diameter of 


Experiment. 


Wire. 




in. 


1 


•0857 


2 


•1000 


3 


•0600 


4 


•0479 


5 


•1000 


6 


•1000 



Breaking 


Breaking weight 


weight. 


per square inch. 


lbs. 


tons. 


581 


357 


788 


420 


277 


42-9 


157 


381 


630 


85^8 


684 


860 


Mean 


. . 38^4 



An average strength of 38^ tons nearly 
was thus shown by iron wires of different 
descriptions : this speaks most favour- 
ably for its ability as a bridge-building 
material. 

These wires were further tried while 
hanging over a support near one end, 
and attached to the wall of a house at 
the other ; three weights were hung on 
the wire at equal distances from each 
other, and a greater weight at the 
movable end, to determine the tension. 
They exhibit great powers in iron wire, 
although, unfortunately, the experiments 
were conducted in a manner which 
renders them of little service. Colonel 
Dufour, of Geneva, made some similar 
experiments, previous to erecting a wire 
bridge at that place, and obtained a 
mean strength of 41^7 tons per square 
inch, being above 3 tons to the inch 
more than Mr. Telford's numbers ; and 
this was exceeded by M. Vicat, who 
found some wires able to bear 47 tons 
per square inch; the least value — SQ^ 
tons — must, therefore, be considered as 
a very safe estimate. 

I. FaEiBuaa Suspension Bridge. — 
With respect to proportions, this is the 
bridge of the greatest span hitherto 
erected ; it is suspended highest in the 
air, occupied a moderate time in erect- 
ing, and incurred but a small expense. 
It was built in consequence of the 
natural difficulties which prevented the 



town of Freiburg receiving many visits, 
commercial and otherwise, which it has 
done since this means of communication 
was formed. Freiburg stands on the 
sloping side of a hill, which is separated 
from its neighbouring height by an in- 
tervening valley between two and three 
hundred feet deep, and called, because 
of the little river which winds through 
it, the valley of the Sarine ; across this 
valley lay the road connecting Freiburg 
with the German frontier, and the 
ascent of the hill was made by a twist- 
ing and difficult way, presenting some 
very steep inclines. In 1830 a French 
engineer, M. Chaley, proposed to erect 
a wire- cable bridge reaching from one 
hill to the other,— a distance of nearly 
900 feet at the spot pointed out. After 
pecuniary agreements this engineer pro- 
ceeded with the work on the plan he 
offered, which was to erect a bridge 
capable of bearing passenger and goods 
traffic; two towers were to be built on 
each hill side, at a distance from each 
other of 870 feet, between which four 
wire cables, — ^two on each side of the 
roadway, — were to be stretched, giving 
a curve 63 feet deep in the middle; 
suspending the roadway 167 feet above 
the level of the river. 

The general appearance of the bridge 
may be conjectured from the accom- 
panying figure, and the details of its 
construction will receive illustration 



Fig. 109. 



3. 

^aasMinilllllllClI 




from the partial diagrams ; a description ive, since the bridge is a model of its 
of such a structure must necessarily be kind; to give it as clearly as we may, it 
somewhat long, but it is very instruct- will be advisable to divide the explan^- 
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tion according to the several parts con- tinued until one strand* or 56 threads, 
stitiiting the bridge: — 1st, the main had been unwound from the reels, when 
cables and the manufacture; — 2ndly, the end thus arrived at and the end at first 
the mooring cables; — 3rdly, the masonry fixed to the block were bound together; 
above and below ground ; — 4tlily, raising the whole bundle was also bound at 
and fixing the cables, and arrangement each end, and every three or four feet 
of the roadway. of length. A coating of the preservative 
1. T/ic Main Suspension Cables, — mixture before mentioned was now ap- 
Thesc most important elements of the plied, and the prepared strand laid aside, 
bridge are composed of iron wife 0'12, Five of these strands were made in a 
or little more than one-tenth of an inch week by as many workmen, 
in diameter, a lineal yard of which 2. mooring Cabies. — These were ia- 
weighs nearlv two ounces. Each cable tendedtotakethe ends of each suspension 
(made up of 1056 lines of wire), is 5^ cable when it passed through the sloping 
inches in diameter, and 1 228 feet long, gallery G (fig, 110), and constitute the 
being bound up into a cylindrical form final attachment to the heavy masonry, 
by iron wire at every second foot of its They were made in a manner similar to 
length. The wire was supplied in coils the former, but thicker, and when taken 
of 18 or 20 lbs. weight each, and if found off the stirrups on which they had been 
to be good, passed through an introduc- wound, in consequence of elastic force, 
tory process of boiling in a mixture of they twisted and curled up like a cork- 
linseed oil, litharge, and soot ; the wire screw. To obviate this difiiculty series 
was then hung up to dry. This was in- of laths were bound round the cable 
tended to preserve the wire from rusting, before loosing it, and little of the former 
The lengths of wire, after the preceding effect followed. Great care was taken 
treatment, were rolled on reels above a to bring all the wires composing these 
foot in diameter, and when one length cables into equal tension.. They were 
had been wound on, the workman each four inches in diameter, and corn- 
twisted the remaining end with the posed of 528 wires, 
extremity of another length, tightly 3. 7^he Masonry, — Each pier is 
binding the two with annealed wire ; so founded upon the rock, is B6^ feet 
well was this junction effected that on high above the road level, and 
testing the part it never gave way before gracefully arranged as a Doric portico, 
some other part of the wire broke. On They present an arched opening 
account of the great weight of a com- 43 feet high to the passenger, each 
plete cable, and the difficulty of raising of the sides bearing three pilasters 
it to so great an elevation, it was and an entablature. Jura limestone 
made in parts, called strands, which faces the basement courses, but the 
could be separately raised : they were interior and upper parts are sandstone, 
twenty in number for each cable, and finely dressed, so as to allow of no 
themselves consisted, — twelve of them vacant spaces in the stonework ; the 
of 56 wires each, and eight of 48 latter material was readily obtained, 
wires. To manufacture one strand a as it constitutes the mountain masses 
walk or level line was chosen 614 feet on each side of the valley; when first 
long — for want of a longer — which quarried it was found to be easy in 
being just half the length of the strand, working, but afterwards dried and be- 
the wires had to be carried twice along came hard ; on proving its strength by 
the walk. At one end were firmly an hydrostatic press, it bore 555 lbs. per 
fixed two blocks of oak, to which were square inch of surface without injury, 
hooked iron stirrups ; an end of wire In the upper part of the piers apparatus 
on the reel being fastened to one block was placed for accommodating the 
was passed round the stirrup, and the chains; it consists of three rollers, 
reel carried to the other end of the giving as many points of support 
walk, where the wire was tried by a to the cable A, wliich is allowed to 
weight of 220 lbs., and, sustaining the spread out and form a band at these 
proof, it was passed round a semicylin- points ; every facility is afforded by 
drical block, also firmly fixed, and then these friction rollers for slight move- 
borne to the point whence it started, ments of the cables in consequence of 
but was placed round the second stir- changing temperature or similarly-acting 
rup ; this length was also tried by the agents, while, by then: disposidon, the 
test weight, and the movement con- cables are not damaged by sudden bends. 
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Thoie portions of the mosanrj which 
may be called undei^ouad, are the 
sloping galleries G, through which the 
cables pesB, and are coanecteil with the 
mooring chains, and the veitical moor- 
ing shafts H ; the former were excavB- 
tiona SIX and a half feet •qunre, rooi«d 
with limestone arches. Tile mooring 
shafts H commence at the lowei ex- 
tremity of the galleries, and are cut in 
the solid rock B, to » depth of A3J| feet; 
they are also 10 feet broad, 3 feet 3 
inches wide, and four in number. In 
them was titled the [masonry M, intended 
to bear all the weight from the cable, 
and for thi9 all-important purpose it 
was admirably arranged. Angular inci- 
sions were made in the rock, at three 
places, which were subsequently filled 
with stonework of a dovetail form, and 
baring all the peculiar excellency of 

Fig. no. 




that description of joint; the mooring 
cables B, which were carried through 
this fllting-in, bud thus a most secure 
abutment at the lower part. A sniaJI 
passage ?, about six feet high, extends 
under tlie cable &steniugs, to facilitate 
their inspection. coQimunicating with 
the ground sutbce b; an horizontal 
gallery cut from the hill side— a distance 
(^nearly 350 feet. LimesUine supplied 
the material for tliese mocmng sha&s. 



and was obtained from the quarries of 
NeuTille and Lengnau, situated on an 
inferior branch of the Jura mountain- 
chain, about 30 miles frair. Freiburg; 
on being tried similarly to tlie sandstone 
it was found to be ca|)able of beanns 
3307 lbs. on the superficial square incE 
without injury. 

4. Baiting the CaUct. — When eTerjr 
preliminary arrangement had been madsi 
and all the stonewoA secure, two wind- 
lasses were placed on each tower, one 
at each point; two midway between 
them down in Clie Tallej ; and one in 
each sloping gallery. Round No. 5 a 
hempen rope, an inch in diameter, was 
wound, thence it passed twice round 
the axles of the windlasses No. 3 on 
the tower, and descended towards the 
valley, being joined to another smaller 
rope, which renciied windlass No. 2 j 
the same being done on the other side. 
A drum six and a half feet in diameter, 
bearing one strand, wound not as usual, 
but beginning from the middle, so as to 
leave both ends on the same aide, was 
then placed between windlasses 1, 2, 
and an end of the strand attached to 
each rope; this was followed by a 
working of the windlasses 3, 4, at both 
piers, and the small ciible gradually un- 
wound and rose In the air towards its 
intended location; when the ends liad 
reached the towers, one side ceased to 
work, while tlie workmen at the other 
side drew their end over temporary 
rollers on the tup of tiie pier, and 
attached it to a rope from windlass 
No. 6 in the sloping gallery, which, on 
being worlted, drew the strand over 
permanent Iriction rollers on the pier, 
and brought its end into the sloping 
gallery. Workmen at the other end of 
the bridge wrought similarly, and brought 
up this first strand to a proper curva- 
ture. To determine this properly two 
logs or benchmarks had been fixed at 
each side agaiost the piers, the line of 
sight between which formed the ap- 
pointed level for the roadway, and as it 
was intended that the cables should 
descend to this level, it was determined, 
with tolerable accuracy, by drawing the 
strand until the lowest point of its 
curve touched this line of sight. Moot- 
ing cables were now brought down the 
galleries, and drawn down the shait, 
tlirough its sDiall opening, by a wiudlosS' 
worked rope. When this cable was 
secured in tne manner shown in^. 110, 
it was ready to lake hold of the sui- 
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pended strand; but the l&Uet was not 
attached until another strand was raised, 
when one of them was placed on each 
side of the mooring cable, and a con- 
necting bolt passed through the stirrups 
attached to them. This process was 
continued until forty strands were drawn 
up on each side of the bridge, forming a 
pair of bands each above two and a half 
feet broad, and about 30^ feet apart; 
they were divided each into two bundles 
A A (fig. Ill), of twenty strands, and 
bound up in a cylindrical shape by iron 



Fig: Ml. 



1. 



2. 



■fjf-^ 



S 



wire, leaving those parts wliich rest on 
the pier friction rollers as a band. The 
work of attaching the suspension cords 
S now followed ; they are composed of 
30 wires, making a diameter of one 
inch; their greatest length is about 54 
feet, and least 6 inches; each end is 
bent round a stirrup «> t, to afford 
means for suspension, in a manner 
shown by the diagram; a hook loop 
catches tne lower stirrup, and takes in 
its loop one end of a road beam D ; the 
upper stirrup embraces a saddle e, which 
also embraces the pair of cables A A. 
A distance of 4 feet 11 inches separates 
the suspension ropes. 

When these had been distributed on 
each side of the bridge, and the sus- 
pended beams placed between them, 
longitudinal planking was laid on the 
cross-beams D, with another layer of 
cross planks, which form the carriage 
way. The footpaths are raised about 
7 inches above the carriage way, and 
are very narrow, being not more than 
2 feet 9^ inches wide, while the carriage 
way takes up 15 feet 5 inches, making 
the total width between railings 21 feet 
The total deflection of the bridge, when 
completed, was 63^ feet, and its length 
870J feet, which gives the proportion 
for the deflection 1-I3|ths greater than 
the most advantageous ratio, which has 
been stated to be about l.l5th. The 
platform hangs 167i ^^^^ above the 
river Sarine, immediately below it. The 
following is a siunmary of the dimen- 
sions of its principal parts :— 



ft in. 

Length of suspended roadway (E F, ^. 109) 807 

Deflection of the main cables 63 3 

Height of roadway above the river Sarine 167 4 

Kise of platform in middle 16 

Main cables, of 1056 threads each, diameter 5*5 

Iron wire, diameter 0*12 

Width of roadway 21 

Total suspended weight 296 tons. 

Altogether Freiburg Suspension Bridge span, by a hundred feet, of similar struc- 

must be considered as a noble specimen tures in this country, is, in other respects, 

of its kind ; its elegant simplicity accords the most remarkable of our chain 

with the locality and scenery ; its great bridges ; and previous to the erection of 

span and comparative lightness are most its grand companion, the tubular bridge, 

striking to the eye and reason, and its it stood without an equal. In describing 

scientific disposition is very instructive, the tubular bridges abundant reference 

The cost of this bridge was 24,000/., or has been made to the character of the 

one-fifth the expense of the Menai Menai Strait; it interfered, in the i»e- 

""■^dge, which is 300 feet less in span. sent instance, with a main road, made 

Menai Suspension Baidge. — ^This at the country's expense, through North 

6;, although now not the greatest Wales to Holyhead, which is the nearest 
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station for steam communication with of £he bridge, preparations for the chain- 
Ireland. A ferry was the only means work were quickly proceeding; the 
of transition between the Welsh shore parts composing each chain were links 
and that of Anglesea, and although but a of wrought iron 10 feet long, 3^ inches 
few hundred yards, it proved, on account broad, and 1 inch thick ; at both ends 
of the current, an unsafe conveyance, an eye or hole was bored to admit a 
In 1818, after previous entertainments bolt three inches diameter, and weighing 
and abandonments of the idea, Parlia- 56 lbs. ; with this a series of links were 
ment came to a decided opinion, and united to the next. Five of these bars, 
Mr. Telford, who had been engaged in side by side, form one link of a chain, 
laying out the main road, selected a and are connected with the next row or 
convenient site for the intended bridge; link by coupling plates or small links a, 
it was at a point where both banks ap- No. 1> 16 inches long; when a chain 
proach to within 906 yards at high, and -,. 
160 yards at low water, with a rock '^* 
appearing at low water near the Angle- 
sfea shore, called Ynys y Moch (the pig 
rock). Over this place, and between 
two high rocky shores, a bridge was to 
be built so as to leave clear waterway 
between the submarine rock and Car- 
narvon shore, which are distant nearly 
six hundred feet, for large vessels to sail 
under it. From his experiments made 
to gather data for a proposed large sus- was completed it consisted of 935 bars, 
pension bridge at Runcorn, Telford had was 23^ tons in weight, and 1710 feet 
obtained some acquaintance with bar- in total length. Every bar was dipped 
chains, and the strength of iron in that in linseed oil and dried before it was 
condition; and as the only available used for the chains, to protect against 
means of crossing so formidable a spot oxydation. In erecting the chains a 
he proposed a suspension bridge. The platform was laid between each tower 
work was commenced by the erection top and the chain tunnels in the rocky 
of two towers of a pyramidal form, one shores, and on it was placed a proper 
on the Moch rock, and the other also series of links, of five bars each, to form 
on a rock forming the Carnarvon shore, a chain, which were thus constructed 
b It to reach which a slight excavation as far as the towers, but on the Car- 
of soft earth was necessary. The towers narvonshire side sufficient chain was 
were constructed of Anglesea marble, made to reach over the tower and hang 
and carried up partially hollow, as far as down to the water surface, and was 
the intended level of roadway, which is there met by a large float, bearing a 
102 feet above high water : at the base length of chain sufficient to reach across; 
these towers have a width (transverse this being bolted to the hanging end, 
to the roadway) of 70 feet, decreasing was then drawn over to the Anglesea 
to 45 feet at their summit ; in the direc- tower, and the remaining extremity of 
tion of the roadway their thickness at chain gradually lifted up until it reached 
base is 50 feet, at the road level 29 feet, the portion on the Anglesea platform, 
and at the top 1 1 feet. Between these when, being properly joined, the whole 
pyramids and the Anglesea shore are was drawn with sufficient force to bring 
four arches, each 52^ feet span, resting up the great curve to its proper eleva- 
on very tall piers (65 feet high) ; on the tion, A similarly simple operation was 
Carnarvonshire side there were three adopted for the remaining chains, which, 
similar arches between the pyramid and after passing over the towers and reach- 
elevated shore. If this masonry merits ing the road level, disappear in tunnels 
attention on account of its bulk and cut through the rock; their fastenings 
height, — for the piers are 153 feet high, — can be seen on the Anglesea side by 
it cannot be said to do so on account of walking along a small tunnel also cut 
any tasteful disposition ; as a piece of through the rock for a considerable dis- 
architecture it contrasts strikingly with tance ; they are very simple, since the 
the simple and elegant stonework of rock affords abundant natural masonry 
Freiburg Bridge. to resist the pull of the chains ; the 
While progress was made in this part last link, which is large, carries in its 
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eye a very stout and long bolt, the ends — Sixteen main cliains = 394*25 tons ; 

of \\'hicli rest on an iron saddle abutting transverse ties = 3*83 tons ; and sus- 

against the rock; that this is an effective pending-rods, with roadway, &c., =s 

fastening several severe storms have 245*68 tons ; making in all 643*76 tons 

borne witness. The chains do not rest of constant load ; this being multiplied 

immediately on the towers, there being by 1*7, we obtain 1094*4 tons for tke 

cast-iron saddles, movable on small actual strain ; so that there is a free 

rollers, for a short distance, to and fro, available power of 2340 — 1094*4 =s 

which rest on a cast-iron cap or table 1245'6 tons, which being divided by 

fixed to the masonry; thus all expan- the former ratio of increased tension, 

sions and saddle movements are trans- through the flatness of the curve (1*7), 

mitted without affecting the towers, shows that 732 tons might be safely 

The suspension chains are sixteen in placed upon it. 

number, and divide the whole width of This bridge took six years and a half 
the bridge into three lines ; the central, in building, and seven days after it had 
which is for foot passengers, being four been opened a storm broke several of 
feet wide; and the outer, each twelve the suspending-rods and iron roadway 
feet wide, for general traffic; thus the bearers; again in January, 1836, just 
whole working width of the bridge is ten years after its completion, a severe 
28 feet. Four chains constitute one row, gale so racked the bridge as to make 
having one line of suspension-rods ; the the roadway rise and fall in successive 
latter are bars an inch square, placed 4 undulations to the terrific amount of 
feet 1 1 inches apart, which gives in one sixteen feet: some of the roadway 
row 199, or in the four, 796 suspending planks were jammed against the Anglesea 
rods; their lengths vary from 5G to tower, and rods broken. This was 
about 7 feet, for the chains do not de- trifling in comparison with the trial it 
scend to the roadway at the middle, underwent in January, 1839. Mr. 
To adjust these sixteen chains four Provis thus relates the circumstance : — 
adjusting links were put in each chain, " The storm, according to the account 
two between the towers, and one in of those who observed it at the bridge, 
each backstay or land curve ; they were commenced on the evening of the 6th, 
merely bars with long eyes, and having with a strong but unsteady wind veering 
coupling plates a. No. 2 {fig, 112), with a few points on both sides of s.w. The 
a similar eye, wedges might be driven gale increased during the night so much 
to eflect any little adjustment of length, that between two and four o'clock of 
To prevent undulation and oscillation the following morning it became a hurri- 
transvcrse and diagonal ties were added cane, and all approach to the suspended 
between the chains ; the former were part of the bridge was impracticable, 
cast'iron tubes reaching from one row The fury of the storm having abated 
of chain to another, and placed at in- after four o'clock a.m., the bridge keeper 
tcrvals, while between them wrought- made an attempt to examine the chains 
iron straps tied up the corners. On and roadways; it was with difficulty he 
estimating the chainwork it appears could make his way to the platform, and 
there are 5 x IG = 80 bars in a cross it was only by watching the lulls of the 
section, which present a total surface of wind and holding fast by the iron work 
80 X 3^J = 260 square inches. From that he was enabled to reach the sus- 
Telford's experiments (see p. 21G) we pended part of the bridge. The general 
learn that a square inch of section will darkness was too great and the tempest 
bear a strain of 27 tons without break- too violent to allow him to make any 
ing, but only 9 tons without at all close or accurate observation, but he 
injuring the powers of the iron ; taking ascertained, during occasional gleams of 
the latter as a safe working value, the moonlight, that the roadways were 
strength is 9 x 260 = 2340 tons : this broken through, and that it was neces- 
far exceeds both the constant load • of sary to take immediate measures for 
the chains and roadway, and any pos- preventing any attempt to cross the 
sible passing weights. According to bridge."* Daylight revealed the da- 
Mr. llhodes, who made some experi- mage; one-third of the suspending rods 
ments to find the tension on the chains had been torn asunder; the roadway on 

with a deflection equal to that of the 

bridge, this tension will be 1*7 times * Transactions of the Institution of CivU 

the load, which is estimated as follows ; Engineers, vol. iii. 
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the south side was torn up in one or in the direction of their length, could 

place, and on the north side in two thus only tend to break tliem asunder 

places, so that a piece 175 feet long, at the joints: these were replaced by 

and 12 wide, was hanging towards the opposite joints, whfch permit each 

water and swinging about in the wind ; roadway to move freely of the other. A 

much of the parapet railing had layer of planking, three inches thick, 

been blown into the straits ; also the was added in the platform, and a longi- 

ties and tubes between the chains had tudinal beam underneath, to afibrd 

been destroyed, for although the main greater stifif^ess. 

chains had admirably borne this fierce Considering the early date of its 
assault, it appears that they oscillated erection, the Menai Bridge is a remark- 
most violently, sinc^ two or three of able object; its great dimensions well 
the powerful screw bolts connecting the accord with the locality, and the curve 
chain links had their heads knocked off of the chains, at all times a beautiful 
by collision with the neighbouring chain, object to the eye, lends to it a grace 
Only three common bars and one ad- which makes it an ornament to the 
justing link had been injured, by break- noble strait and its charming woody 
ing at the eyes ; had these links been so banks ; to this effect, however, the side 
large and long as those in the Hunger- arches add nothing, as, like the pyra- 
ford Market Bridge, much more damage mids, they are by no means pleasing or 
might have happened in this way. In well formed. As might be supposed, 
restoring the injured parts, care was this bridge is affected by changes of 
taken to modify the arrangements in temperature ; in winter the roadway is 
some places, according to the experience nearly a foot higher than in summer, 
gained through the accident. Previously causing the saddles on each pier-top to 
the suspending rods had but one joint recede from each other for a distance of 
at the extremity, namely, where it took about an inch and a half; this must 
hold of the pair of iron bars forming produce some variation in the angle of 
one road bearer, and this joint was such deflection, which, it appears, is not equal 
that it permitted of motion in a trans- on both sides of the piers at any time, 
verse direction only; this allowed for for Mr. Hodgkinson* remarks that on 
any horizontal oscillation of the chains, taking the inclination of the first link 
but offered a positive resistance to any each way from the saddle, he found the 
great vertical undulation ; thus many of angle on the water side to be 16° 10', 
the rods had been broken at the road- and that on the land side 18° 3' ; this 
way; to obviate this in future, another difference, he has estimated, must pro- 
joint, allowing of longitudinal motion, duce an horizontal force of G8 tons 
was made immediately above the road- tending to push the towers inland ; to 
way. Again, the platform bearers were meet this, however, they have their 
constructed most curiously by Mr. Tel- own enormous bulk, and the help of 
ford ; they were made of two lengths in three or four side arches, 
each bar, one of 16 and the other of 12 The following is a summary of the 
feet, and one of 12 was placed opposite principal dimensions of the Menai 
another of 16 feet J any motion, transverse Bridge:— 

ft. in. 

Length of suspended roadway 551 

Deflection of the main chains 43 

. , r 1 a .' ^^ f of middle span . . . 16° 10' 

Angles ofdeflection at towers I ^^g.j^gp^^^g ^ . . . 18° 3' 

Width of roadway 28 

Height above high water 102 

Chain links— length 10 

,, section ^i 

Total suspended weight 643 tons 15^ cwt. 



Another suspension bridge, on a crossing the river Conway, which falls 

similar plan, was erected by the same into the sea a little northward of the 

engineer on the same line of main road — 

between Chester and Holyhead, at * Transactions of the Literary and Philoso- 

Conway ; there was a ferry previously, phical Society of Manchestor, vol. v., 2iid 

being a most inconvenient mode of series. 
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town. This bridge ii 327 feet span, joined them by bolts, thej oonstmetai 
22) feet deflection, and supports a a line of angle links from one tovcr to 
roadway 15 feet above high water; cor- the other, and, when fixed, no loncer 
responding to its lesser size, there are required the wire-rope sapport; die 
but eight chains. It stands so near the elementary chain thus formed became a 
splendid Conway Castle as to give the support in drawing up and adding other 
impression of being a drawbridge on a series of links until a complete chain 
distant view, especiallv as its masonry was made ; a similar operation oo the 
is architecturally designed to accord other side finished this part of the vork. 
with that of the castle; this also proved Suspending rods descend from the 
a great ornament to the delightful spot chains at every twelve feet ; at their 
in which it is situated, before the rail- upper extremity they have seycral 
way obtruded with its gigantic tubular joints, the first being that of the rod 
bridge. with a solid iron triangle; the rod is. 
3. HuNGERFORD Market SUSPENSION joiuted to one angle, whfle from the 
Bbidge. — This is the longest bridge of other angles two pairs of bars readi 
the kind erected in this country, and upwards — one having an eye, throneh 
the greatest span : it is confined to foot which the main chain bolt passes, toe 
passengers, although with a better dis- other pair join above with the second 
position of the iron at present used, it pair of bars, which are screwed at their 
would have been strong enough for all upper extremity to a flat bar, lajring on 
purposes. It is 1352^ feet long, and the upper chain; each suspending rod 
the central span 67fi| leet, or 106^ feet is therefore hung on both chains : at its 
greater than the lii^nai Bridge. Its lower end it passes between the trans- . 
two suspension towers are built out in verse pathway supports, and throng 
the stream, and the backstays or land the main longitudinal beam, under which 
curves have to support the roadway it is keyed. No transverse play appears 
between the towers and shore ; they to be allowed for in this construction, — 
arc 80 feet high, and allow 50 feet de- a circumstance which in the Menai 
flection to the chains, or about 1-1 3 '5th Bridge proved the destruction of many 
of the span. There are four ponderous suspending rods, with part of the road- 
lines of chains, each consisting alter- way. 

nately of ten and eleven links or bars. This bridge is certainly an ornament 
except near the towers, where they to the river, but a closer observation of 
become eleven and twelve in a row; its parts will cause a little surprise 
the links are no less than 24 feet long, either at its curious arrangement or un- 
7 inches broad, and I inch thick, and scientific character ; it appears to be, in 
weigh 5J- cwt. each ; about 2600 of several respects, a product of mere em- 
these links arc employed in the whole piricism. It is difficult to conceive to 
bridge, weighing 715 tons. The pair of what end is an alternate succession of 
chains on each side of the footway are ten and eleven links in the main chains; 
placed one above another, and rest on thus, while there are eleven links to 
saddles, which move on 50 friction sustain the tension at one point, at the 
rollers, with a play of eighteen inches next above it there are ten links to sus- 
each way. An ingenious and simple tain a greater tension; if the ten be 
contrivance was adopted to throw the sufficient, as undoubtedly they are, the 
chains across from tower to tower : as other is an extra, serving no purpose 
the river at this point is alive with except that of loading the bri(4;e, and 
traffic, any scaffolding would have been assisting every injurious movement. Its 
a great impediment ; the engineer (Mr. superfluity of strength is another striking 
Kennie) therefore laid two pairs of wire feature ; at the piers it is stated to have 
ropes over one side of the piers, each a section of 312 square inches, which, 
pair at such a distance apart that the taking 9 tons on the square inch as the 
chain bolts, which connect one row of constant load which can be borne with- 
links to the next, should rest on them by out the least injury to the texture of 
their ends ; two more ropes were then the metal, gives a strength of 2808 
hoisted in a similar way above the tons ; but on a calculated estimate the 
former, to carry a kind of open box whole weight of the span, chains in- 
containing two men and a windlass, by eluded, cannot exceed 530 tons, and, 
which instrument the men drew up allowing this extreme amount, it appears 
linir. from the boats below, and having that with a deflection of l-13'5th, which 
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is that of this bridge, a strain of 1*83 the undulations may be, as they can be 
time the load must be allowed for, so observed, irregular both as to time and 
that the tension on the upper links is place : this is a consideration, especially 
530 X 1-83 = 966J, or, we may say, with such large bars ; for an awkwardly- 
970 tons; this leaves a surplus of moving lump of five and a half hundred- 
2808—970 = 1838 tons for the few weight—which each of them weighs— 
foot passengers which, at a push, might must be calculated to distress some part 
be crowded on a way only fourteen feet of the work. How much better it 
wide, whereas the Menai Bridge, made would have been to have given a variable 
for all kinds of traffic, and in a far more section according to mechanical princi- 
trying position, has but 1245 tons free pies, to the saving of expense, and 
strength for both foot passengers and lightenment of the structure. The fan- 
heavy merchandise. This bridge sur- ciful style of the towers cannot be 
passes all others in the length of its praised, any more than acanthus leaves 
links : — they are 10 feet in the Menai, or other niceties about the piers of 
15 feet in tiie Union Bridge, near Ber- solemn arches : the Doric suspension 
wick, and 15 feet 8 inches in the Pont piers of Freiburg must excite more 
des Invalides, at Paris; but the Hun- admiration than the airy Italian brick- 
gerford are above eight feet longer than work of Hungerford Market ; but we 
the latter. It is difficult to conceive are to allow, in this particular case, for 
wherefore they are made so gigantic, the character of the locality, as it must 
but it is certain that their great length be admitted a prominent specimen of 
enables them to strain the bolts and noble architecture would be a singularity 
suspending rods much more than usual, in comparison with the bank scenery, 
while it obstructs them in vibrating, dur- The following table supplies the nu- 
ing heavy gales, in that steady manner merical account of its parts : — 
which prevents many ill effects, although 

Feet 

Middle span 676|- 

Deflection of chain 50 

Length between abutments 1352^ 

Height of roadway in the middle 32^ 

,, „ at the piers 28{ 

Width of platform 14 

Piers in height 80 

Number of links 2600 

Weight of ditto 715 tons. 

Sections of chains at lowest point 296 square inches. 

„ „ piers 312 „ 

Descriptions of many excellent sus- This bridge forms a communication be- 

pension bridges might be added if space tween Canada and the United States; it 

permitted ; they have rapidly increased is of great social interest, and no less 

in numbers within the last thirty years, remarkable as a daring enterprise, 
though little has been generally done to 5. Pesth Bridge. — ^This fine speci- 

improve them on scientific principles, men was begun in 1840, over the Da- 

Below are a few short notices of several nube, and connects Pesth with Buda 

of the common form. (or Ofen). Great difficulty was en- 

4. Niagara Bridge. — In 1847 a spot countered in its erettion, on account of 

was selected for this structure two miles the deep water and ponderous icebergs 

below the celebrated Falls, where the which may sometimes be seen of a mile 

rushing stream is 400 feet wide, its banks in length floating down this noble river 

being 230 feet high, and 800 feet apart at after the cold season ; the piers were 

the top. Over this terrific chasm a kite founded in enormous coffer-dams — so 

was flown which carried a small string; large as to accommodate 5000 persons 

by the latter a cord was drawn over, on laying the first stone; they are 

then large ropes, and finally wire cables 200 feet high from their foundations, 

an inch and a half in diameter; these the lower portion being of granite; 

are hung over towers of wood, on each they stand out in the stream, giving 

bank, 57 feet high, and pass thence into the suspended roadway a span of 670 

the solid rock, where they are fixed, feet in the middle, and two sho 
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•pans of 297 feet; it is aUo 42 feet wide not act verticallj agatnat the cluu» 

for foot and carriageways, and hangs This bridge was an early work of Mr. 

50 feet above low water. The chains Tiemey Clark, and was opened in 1827. 
have a section of 520 square inches, 8. The Pont d'Amcouk at Paris ai^ 

which must supply a superfluity of a bridge in the Island of Bourbon are of 

strength, and weigh 1300 tons. This a class which possesses oonsideTable 

bridge was opened with a melancholy scientific advantage. Tiwi^^ffl} q£ ^wo 

procession — if such it may be called — suspension piers, as usual, one only b 

the hasty retreat of the unfortunate Hun- erected midway between the river tttmlrf, 

garians from their Austrian pursuers, and from this pier the chain descends 

Afterwards the bridge was well nigh each way to a level, or nearly so, with 

being destroyed by the contending par- the roadway : not only is there less 

ties during the same war, in which the tension, byt much oscillation is pre- 

inhuman conduct of the Austrians has vented ; this, in the Island of Bonrboo, 

earned for them an unenviable notoriety is of great consequence, as it is a notable 

in the history of the age. On one occa- locality for violent hurricanes ; to assist 

sion 60 lbs. of gunpowder was placed the bridge against them, the engineer, 

on it as a destructive charge, and al- Mr. Brunei, attached four inverted 

though the person who officiated was catenaries under the roadway, and when 

blown to pieces, the bridge sustained any upward rush of air occurs they will 

little injury. The engineer was Mr. exercise a salvatory influence over the 

. Tiemey Clark. framework. Each span g£ the Bourbon 

6. The Union Bridge over the Bridge is 131} feet, and the central 
Tweed, near Berwick, was an early tower 25 feet above the roadway ; the 
specimen of Capt. Brown's patent system Pont d'Arcole has a great deflection, 
of suspension -bridge building. Round with a span of 125 feet, 
rods, 2 inches in diameter, and 15 feet 9. Montbose Beidge, oyer the South 
long, form the chains, which are twelve Esk, in Forfarshire, is a pretty structure 
in number, and arranged in three rows, of 432 feet in span, 42 feet deflection 
The chord line of suspension is 449 of the chains,, and 26 feet wide. There 
feet, and the deflection 30 feet, or nearly are two chains, one above another, on 
1- 15th of the chord; but the roadway is each side of the passage-way, each of 
suspended 387 feet, the remaining per- which is four bars wide ; the bars bein" 
tion resting on a projecting abutment. 5 inches wide, 1 inch thick, and 10 feet 
The roadway is only 18 feet wide. It long. It was built by Capt. S. Brown 
was opened in 1820. in 1829; and in October, 1838, during 

7. Hammersmith Bridge is an ele- a heavy storm, it suffered the loss of a 
gant structure, with a middle span of part of the roadway, at the middle of 
422J feet, and two side waterways of the bridge, apparently from the want of ^ 
143 and 145 J feet respectively. The joints at the extremity of the suspend- 
chains are of links 8 feet 10 inches ing-rods, in addition to inefficient stiff*- 
long, and in four series — two on each ening of the roadway. The former 
side of the whole roadway, with three cause is similar to that which broke the 
links in a row ; and two dividing the roadway of the Menai Strait Suspension 
carriage and foot ways, of six links in a Bridge (see p. 222). 
row : suspending rods depend from them A dangerous proposal was made some 
to transverse iron girders, on which a time since for a bridge over the Haslar 
longitudinal flooring is laid. The road- Lake, Portsmouth, to be suspended by 
way is 30 feet wide, of which a carriage- cast-iron chains ; they were to have a 
way occupies 20 feet, leaving 5 feet on section of 256 inches, which, with a 
each side for a footpath. The chains span of 300 feet, and a deflection <^ 
have a deflection of 29J feet, or 1-14-3, about 33 feet, it was estimated would 
wliich brings them in the middle to the have to support, as the greatest possible 
level of the roadway. Admirable stone load, 991 '5 tons, and leaving a free 
piers, in the Tuscan style, with entrance power of 800 tons, when the strengtli 
arches, bear the chains on a carriage, is taken at 7 tons per square inch. To 
with cast-iron friction rollers, from show the utter absence of all science 
which tliey descend in an abutment of and safety in this or any such structure, 
2160 tons of masonry, which, however, it is sufficient to mention that 7 tons is 

•; be called the resisting power of the ultimate strength, or that at which 

itment, since the weight does the material is crushed ; and supposing 
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we might venture to take one-half of the aqueduct, having a total section of 53 

this amount as a safe working-strength, inches : this is small, but affords abun- 

we should find that the strength would dant strength, as the deflection is 14^ 

not be equal to that required for the feet, or I-llth of the span, 

greatest load. Besides, in a locality (104.) Many bridges have been classed 

where the regular tread of soldiery is underthe title of suspension bridges, al- 

^quent, the structure must be in immi- though presenting more or less difference 

nent danger were it much stronger than from the simple structure of a roadway 

the proposer imagined: we have now a held up by a swinging chain. Probably 

sad collection of evidence to show the the most conspicuous of these modifi- 

peril of that which depends for safety cations is that of Mr. Dredge, who, 

on the tensile strength of cast iron. some years ago, proposed a new ar- 

10. There are several interesting rangement for a bridge at Bath, which 

examples of wire bridges. Toumon was adopted ; and, since the erection of 

Bridge, over the Rhone, is in two spans that specimen, several of small span 

of 278f feet each ; there are six cables have been thrown across rivers and or- 

of 112 wires each, the wires being 1 -9th namental waters. The consequential 

ineh diameter; the curves have a de- characteristics claimed by Mr. Dredge, 

flection of 1-1 1th of the span, or about are lightness of chain work and roadway, 

23} feet. As the platform is only 13| to the saving of expense, and the reaai- 

feet wide the cables were proved with a ness with which bridges on his plan can 

weight of 200 tons, but they were be put up in their place. As some 

shown to be capable of bearing 443j dispute has arisen concerning the me- 

tons before breaking. — The bridge at chanical features of the system, owing, 

Argent^t, over the Dordogne, a river in most instances, to an apparent want 

watering a department of that name in of information on the part of the dis- 

France, is 328 feet in span ; the plat- putants, it would be desirable to give Mr. 

form is supported by six cables on each Dredge's own explanation of his ideas; 

side, composed of from 186 to 216 wires but they are unfortunately clothed in 

each ; each cable has a different deflec- mathematical language, which of itself 

tion, the deepest being 26J feet, and would be unacceptable to the general 

the flattest 22 feet. — At Pittsburgh, reader, were it not rendered useless as 

over the Alleghany River, U.S., a light it is by its confused statement. The 

aqueduct was lately erected 1140 feet three specific characteristics of this 

long, in seven spans of 160 feet each; bridge are — rapidly tapering chains, in- 

it was built to hold a depth of four feet clined suspending rods, and a roadway 

of water, or, altogether, 2100 tons of made stronger than usual; it presents 

water continually passing over it; to somewhat of the following figure, which 

support this there are two cables, 7 shows that it is similar to a bracket; 

inches in diameter, one on each side of for, if we suppose /5 to be farther in- 

Fig. 113. 




clined, so as to form a prolongation of reduce the amount of thrust in the 

the link e f, A C would become a roadway at the farther end, C, of the 

bracket sustained by three forces, that supposed bracket, although no diminu- 

of gravity in the direction D A, a second tion of pressure is effected at the piers, 

in the direction 5 a, and a third in the But another consequence arises from 

direction of the platform, A 5 ; conse- this oblique disposition of the suspend- 

quently, while the chain D E bears part ing rods, to a far greater extent than 

of the load, a portion is thrown on the with a vertical arrangement : while they 

platform, tending to crush it against the throw a force into the roadway, to be 

towers ; if, however, a number of ob- resisted at the pier, they also take it 

lique rods, as 6 1, c 2, df 3, be attached away from that part of the chain ^ 

to the platform, and chakiy they will lies beyond it; thua> D a\\aakX^^ 
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the tension arising from the pull in a e perhaps 250 tons more, which were 

and b 1 , but a 6 is free from the latter necessary to hold the 500 tons in 

force; similarly, d e has to sustain a strain suspension." 

from c 4 and cf, and were the latter iden- Tliis form of bridge is very simple, al- 

tical with e 4 tliat would be the whole though not so simple as the proper 

strain, but in practice the angle formed suspension bridge, neither is it to be 

by eft e 4, is bisected by the direction considered as such, for part of the force 

of d e, so that there is equal strain or load is sustained by compression of 

in both directions. The nearer, then, ^4 the roadway ; it thus presents a feature 

lies in the prolongation of d e, the less totally distinct from the true suspension 

use is there for any sustaining bar, ef; bridge, and comparisons between the 

and, as the tension diminishes so rapidly two con be only partial ; Mr. Dredge, 

through the adoption of oblique rods, however, has abundantly compared his 

tlic cliains, as they are called, diminish structure with the common form, and, 

also vory rapidly, there being but a as in the above summary, by a few errors 

single bar, fe, at the middle. The and oversights, discovers the great su- 

opposite bracket, acting similarly to periority of his plan. The only altera- 

A C, prevents tlic thrust against the tion which is due to Mr. Dredge is the 

towers, which would occur if one stood oblique placing of the suspending-rods; 

alone ; as it is, this force consists of a the tapering of the chain to suit any 

strain tending to tear the platform variation of tension in its length, had 

asunder at the middle, C. Mr. Dredge been plainly set forth long before. By 

concludes one of the expositions of his means of these oblique rods, he ap- 

system* as follows : — proaches so nearly to the bracket bridge 

'* The principal feature of my bridge as to pretend he could cut through the 

consists in the oblique suspending- rods, middle of the span and neither half fall : 

which, by their action, divide the hori- this is not true, since a part of the tension 

zontal force from the tension of the is sustained by the middle link, unless 

chainf, causing the platform to bear the he brought the last oblique rod, e 5, 

former, whilst the chain has only the into the direction of the link, d e, ) 

latter to resist. The effect of this is— of chain, which, indeed, he allows may I 

*' 1st. To reduce the weight of the be done ; but then the bridge is no new j 

platform to a very great extent, for the invention, as it would be simply the old- \ 

bulk of the material in the roadway of fashioned bracket bridge : as it is, the 

the old suspension bridge is placed there bridges hitherto erected after this plan, 

to produce rigidity ; but, on my plan, exhibit a combination of the bracket 

the action of the horizontal force is far and suspension principles, 

more effectual for that purpose than Several bridges on Mr. Dredgers plan 

any system of trussing that can be de- have been erected within the last few 

vised, whilst the weight of the platform years; most of them are small, the 

to resist horizontal force need not be largest, as far as information has been 

increased above what is absolutely ne« afforded, being 250 feet span. The 

cessary to resist the transit loads. first of the kind was thrown across the 

"2nd. The tension increases progrcs- Avon, at Bath; a bracket bridge was 

sively from the centre, where it has at first proposed by Mr. Motley, but 

been shown to be comparatively nothing, was finally relinquished for one then, 

to the base of the chain [at the towers], it appears, just conceived by Mr. Dredge, 

and the material in the chains varies who was an inhabitant of the town, and 

in the same proportion. concerned in the erecting of a bridge at 

"3rd. Not only is the material above this place. The Victoria Bridge, as it 
shownsaved,butalsothatquantity which jg named, is 150 feet in span. Another 
is necessary to support it ; then, if in a bridge at Balloch Ferry, in Dumbarton- 
bridge 500 tons were saved, not only shire, is 200 feet in span, having 13 
would this quantity be saved, but also bars in each chain at the towers, and 

« -D .• 1 Tir v— :- -«4 !?«,»;«««-♦<. tit~ one bar at the middle!; to meet the 

* Practical Mechanic and Jingineers Ma* , . ^ i ^ • ^i .— /LL ♦u^ ^ j 

m»^inA v«i i» « Tro horizontal strain thrown on the roadway, 

gazine, vol. IV., p. I7i^. . . /• «• • *. * ^u • 

+ This i8 a confusion of terms ; there is no ^^^ b eams of sufficient strength receive 

horizontal force, as such, acting on the chains, 

but the more a catenary is loaded the greater :|: This bridge is reported to have fidlen 

is the tension, part of which, according to Mr. during the transit of some sheep, by a fine- 

Dr'*^--'- ~^in, is transferred to the platform. tare at or near the middle. 
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the oblique rods on each side the roadway, gerous stabih'ty, which the slightest wave 
One of 150 feet span reaches over the of the chains — a thing quite unavoidable 
ornamental water in the Regent's Park. — would most likely upset ; it is in any 
A bridge built over the Bailee Khal, case a dangerous attempt to associate 
near Calcutta, was of 250 feet span, but, highly mobile and rigid frames together, 
by some means, as soon as finished, it especially .when the chance of destruction 
broke in the middle, and, in despite of depends on the rigid frame keeping its 
Mr. Dredge's decision that his bridges form ; this was felt so strongly by Mr. 
could be cut through the middle without Fairbairn, as to lead him constantly to 
injury, it fell into the water : a some- oppose Mr. Stephenson's idea of adding 
what similar accident occurred with an- chains to the tubes for the tubular 
other of his bridges in India, which gave bridges (see p. 184). In small speci- 
way through a sudden rush of a number mens, such as those hitherto executed, 
of people, and fell also into the water ; in the ill effects of the conjoint system are 
this case, the roadway appears to have not so striking, but much apprehension 
given way, an accident which could might justly be entertained if it were ap- 
scarcely have happened to a proper plied to such a bridge as that over the 
suspension bridge, and certainly would Menai Strait; and when we contemplate 
have been followed by no destructive the effects of the storm, in 1839, on that 
consequences. fine suspension- way (see p. 222), when 
A question naturally arises in con- a great portion of the roadway was 
templating this description of iron bridge, broken up, it must create great alarm to 
as to the advisability of allowing any suppose one of Mr. Dredge's bridges in 
pressure to be sustained by the roadway, that situation, and similarly tried : no- 
or whether it is well to venture the fate thing could save it from following the 
of a bridge on a thin straight line, when, example of those over the Bailee Khal 
at the same time, that line is connected and at Junguruchy. 
to a moveable system of jointed rods : For small spans, not in dangerous 
Mr. Dredge evidently considers that situations, this form of bridge is very 
much stiffness of the platform must arise well calculated, on account of its cheap- 
from the horizontal pressure ; it is not ness, lightness, and readiness of con- 
so, however, since several specimens of struction ; but it appears not to be safe 
his bridges are very moveable, even for those places where the true suspen- 
when urged by a small force, and were sion bridge is found to be of eminent 
they thus stiffened it would be a dan- value. 
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64-"8 
37 10 

37'"3 


ttin. 

S2 6 

15 
4! 

39 

200 

33 
48 7 
50 

fA 

28 9 
H 6 

r 

26 

sa'o 

56 

72 

34 

41" 
65 

48 "0 
68 

3b"8 

8S"0 

16 

40 


ft. io. 

3 

4'"o 
5 

4 
b"3 

i""o 

S*"9 

3 2 

e"3 

4 6 

9"e 

5 01 

a"'s 

4"'s 

6 3 
4 3 

o"'o 

3"'o 
5"o 

... 
4'll 


ace. 

dlipt 

elUp't. 
eUipt. 

ace 
are. 

arc, 

an. 
elH^. 
e%t. 


1804 
14«7 

1848 
1771 

1599 

13S1 
1336 

1811 
1SS2 
380 
1791 
1B09 
18S1 

B.0.100 

1305 

ISSO 

1798 
1328 
1245 

1776 




•BUfkfrkTi, Thraw, LopdoD 

Pont de la Boucheiw, FregniU, 

JBrioude, ^lier 

Cutel YKcbio, Adige. Tenu ... 

Oret. T«h, near Perpignm 

CUii. Dnc, noi Qicnalda 

•CheiWr (nen), Dee 

Catiu, Tiber, Home 


9 

S 

7 
4 

T 
S5 

Ifl 

a 

100 

s 

is 

6 

"e 
soo 

3 

lev 

3 

E 
2 
2 

IS 

i'e 


Dean, Water of Leilb, Bdinbmsh 
EtnniDji (PoTtle Jtfoifc), Tiber, near 








ISL-iS?-".":.!*':*::- 


•Qloaceiter, Over the Bereni 




Laraur, Agout 


SLojang, over ao arm of the lea 


flat. 1 ... 
eUipt. 176B 
gothio. ' ... 

are. 1785 
ellipt 1774 
ellipt. ' 1769 
ellipt. ; 1775 
ellipt. 1760 
Mmic. 1607 

ace. i 1766 


Bantas, Seine 






Manotell, Spain 




St. Mflienw, Oiie 


090 

lioa 

B18 

,-. 

1705 


Tfl fl 














96 2 
106 6 

63 4 
140 

76 6 
150 

97 
86 10 

EO 
160 5 

147 8 


34"'S 

'r 

20 
20 7 

06'"'o 
13 3 






'P™tyTrJd,>raaf,G1morgan.hire 
Prague, Moldan ... 


Rnncom, MerKj- 

Eiallo, Great Canal, Veniee 

Salara,Arno 

Senalorivi. ^PoyUt JloUe), Tiber 


OCD. 


1881 
1B78 

1645 


Tournon, Donr 

•Tnrin.Dora 





)r less deiccibed in Ihe ^recedi 
ite oi thii bridge ; it waa 189 



* Thou with an aiteriak prefixed are ICidle 

+ Chardin givei the length nl 2177 fpel, b' 

t Formerly a very large arch onupied tho 
waaliiilt in 1464; it fell a few joati eince. 

5 Theae colonial ipecimens of Chinese penereBmco allow of venela paimi 

that at Fo-ken i* 127 feet abnve Ihe water, with pier* ainuwt ai thick aa th* 

J/oy»Bg Bridge, luarlj 5\ milei long, took eightem ysan conitnctin^ 
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feet in apan, afld 
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*Mo8t Holy Trinity^ Amo, Florence 

T^tes, Durance, near Tdtes 

Tours, Loire 

Tongaeland, Dee 

Verona, Adige 

Yicenza, Bacchiglione 

Vizile, Bomanche (road from Gre- 
noble to Brian^on) 

* Waterloo, Thames, London .... 



6' 



BEICE. 

Carbonne, Qaronne 

Maidenhead (Great Western Bail- 
way Bridge), Thames 

Toulouse, Garonne 



and 



WOOD. 

Bamberg, Begnitz 

^Bassano, Cismone 

Bredon, near (Birmingham 

Gloucester Bail way) 

Pont de la Cite, Seine, Paris 

Elysville, Patapsco Biver, U.S. 

(Baltimore and Ohio Bailroad) . . . 

*Kandel, over the, in Berne 

♦Lady kirk and Norham, Tweed ... 

Mellingen, Beuss 

*Eandy, near MahaviUaganga, 

Ceylon 

Mulatiere, Sa6ne, Lyons 

Philadelphia, Schuylkill, U.S. ... 
Do. do. Market Street 

Portsmouth, near, Piscatagua, U.S. 
*Bichmond, James Biver (railway 

bridge), U.S 

Scharding, Bott 

Susquehannah, over the, U.S 

Toumus, Sa6ne 

•Trenton, Delaware, U.S. . 

Ulm, Danube 

Vilshofen, Vils 

Wirtemberg, Bhine 

Zurich 



IBON. 

Aosterlitz, Seine, PariB 

Bonar, Dornoch Firth 

Bristol, Avon 

* Bishop wearmouth. Wear, near 
Suiderland 

f Bordeaux^ over the Gturonne 

* Build was, Severn, Shropshire ... 

Boston, Witham 

Carrousel, du, Seine, Paris 

* Colebrook Dale, Severn, Shropshire 
Craigellachie, Spey, Invemesshire 

Crown Point, Aire, Leeds 

Galton, over Birmingham and 

Gloucester Canal 



3 

• • • 

15 
8 



9 



• • • 

• • • 

1460 



en 



1240 



11 



19 



10 
5 
5 



2900 
2200 



17 



1588 

• • • 

• • « 

558 



ft. in. 

95 9 

112 6 

80 

118 

160 

100 0|29 10 



ft. in. 

15 2 

26 

38 Ol 



137 
120 



101 4 

128 
111 9 



208 
108 

117 
101 

150 
166 
190 
157 

206 
55 
340 
194 
250 

153 
190 
220 

89 
200 
181 
177 

64 
127 



106 
150 
100 

236 
86 

130 
100 
187 
100 
150 
120 












6 


9 

b 








6 



4 






ft. in. 
32 8 
15 
45 



s 



I 



Ht3 



g' 



38 4 
35 



39 8 

24 3 
42 9 



17 



5 5 



17 



25 



20 
12 



18 7 



22 
11 



010 
^0 
12 



180 



34 
28 9 

• • • 

4 
16 6 

• • • 

20 
12 

18 



42 
25 6 

• • • 

35 
30 



17 6 
29 



18 



42 



25 



ft. in. 
3 2 



8 6 



5 5 
4 6 



4 2 

5 8 
3 



1 6 



• • • 

• • • 

• • ■ 



26 

• • • 

• • • 



30 

• •• 

47 

• • • 

• • • 

35 

• • • 

• • • 

22 



20 



1 6 

6 1 



4 10 
3 



6 



3 9 



ellipt 
semic 
ellipt 

arc. 
ellipt. 

arc. 

ellipt. 
ellipt. 



ellipt. 

ellipt 
ellipt 



rib. 
polyg. 

lattice, 
rib. 

tie-bm. 
polyg. 

rib. 

rib. 

rib. 
polyg. 
rib. 
rib. 
rib. 

lattice. 

rib. 
lattice. 

rib. 

rib. 

rib. 

rib. 

rib. 

rib. 



arc 
arc. 



arc. 
arc. 
arc. 
arc. 
arc. 
semic. 
arc. 
arc. 

arc. 



CO 

Q 



1569 
1732 
1762 
1806 



1816 



1770 



1632 



1809 



1802 

1838 
1764 
1807 
1794 

183- 

• • • 

1813 

1805 
1794 

1838 
1809 

1801 
1804 
1806 
1809 



1806 
1812 



1796 
1819 
1777 



1777 



t ThiB bridge was andfintly of wood, afterwards stonft \^\«n "«}«(& voc^i^^^ vcJ^^sv^^^ 
the wooden were jopplanted by iron arches. 
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Hnnslet, Aire, near Leeds 

Sawlejr, near, Trent, Derbyshire 

(railway) 

* South \vark, Thames, London 

Tewkesbury, Severn 

^Britannia, Henai Strait, near 

Bangor 

•Conway, Conway Kiver I 







^1 


€> 


14 

• • • 


a 
5 


ft. 

• • • 


3 


• • • 


8 

• • • 


• • • 

• • • 


4 


1523 


• • • 


• • • 



i 

en 



ft. in. 
162 

100 
246 
170 



460 
400 



i 

s 



ft. in. 
35 

10 
23 6 
17 



5 



ft. in. 
38 

27 

• • • 

24 



if 



ft. in. 



6 
3 8 



^0 m 

if 

ft* 



arc 

arc. 
ai-c. 
arc. 



tubular, 
tubuhir. 



m 
Q 



... I 



1819 



1850 
1848 



Suspension Bbidoes. 



Argentat, over the Dordogne 

(cable) 

•Balloch Ferry, Leven, Dumbarton- 
shire 

* Conway, Eiver Conway, N.Wales 

Dryburgh, over Tweed 

♦Freiburg, Sarine, Switzerland 

(cable) 

♦Hammersmith, Thames, nearl 

London J 

♦Hungerford Market, Thames,"! 

London*}* J 

•Invalides, Seine, Paris 

♦Jarnac, Charente 

> 

♦Mcnai, Menai Straits, N.Wales... 

*Montro8e, South Esk 

Norfolk, New Shoreham 

♦Pesth, Danube, Hungary 

Toumon, Bhone (cable) 

Union, Tweed, near Berwick ... 

Vienna, Danube 



Central 
Span. 


ft. 


in. 


828 





200 





327 





260 





807 





422 


3 


676 


6 


221 





229 


6 


679 lOi 


432 
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670 





278 


9 


387 





324 






^ O 



ft. in. 
24 8 

21 

22 4 

lS-3 



65 
29 



5 



ft. in. 
13 9 
20 



. 
6 30 



50 

26 4 
19 8 



43 



20 2 

• • • 

30 

21 5 



14 
25 






8 



28 



26 



28 
42 
13 

18 

11 



6 


9 



lOi 



No. of Chains 
or Cables. 



1+1 

ri+i i+n 

ti+i 1+1/ 

1+1 1+1 



2+2 

1+1 1+11 

1+1 1+1/ 

1+1 \ 

1+1 / 

4+4 

fi+i 1+n 
I i+i 1+1 1 

li+i 1+1 f 
Li+i i+ij 

' 1+1 1 
1+1 / 

8+3 



6+6 

2+2 
2+2 
2+2 
1+1 



{ 



a 
.2 

to 



Q 



28-6 1829 



. 



130-0 



1800 



41-6 
39-5 

260-0 



84-0 
620-0 



1826 
1818 

1834 
1827 

1845 

1829 
1827 

1826 
1829 

• • • 

1840 
1825 



37-68 1820 



15-5 



1825 



Note.— 



The figures in the fifth column are placed so as to represent the disposition of the chains 
and cables; the separate figures, when added together, giving the number of chains or 
cables in the bridge. 



f This is also called Charing-Cross Bridge. 
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STRENGTH OF MATERIALS. 



Chapter I. — General Notice, — Cohe» important power of matter — cohesion-— 

tion, — Elasticiti/, and its Modulus, the groundwork of such ^n inquiry — is 

yet somewhat a mystery in physics. 
No subject in practical mechanics can Modified developments of this force pro- 
claim so eminent a position in point of sent the common phenomena of elasti- 
every-day value as the passive ability, city and plasticity, hardness and soft- 
relative and absolute, of materials used ness, brittleness and ductility, all de- 
in constructions to meet those various pendent on the attraction and repulsion 
forces, exerted in many ways, which existing between the atoms of matter or 
they are required to sustain. Its value centres of force : these attractions and 
is fundamental : no working view of any repulsions do not appear to be amenable 
matter connected with machinery or to any ascertained law, though it is 
architecture can have much worth ex- generally considered that the cohesion 
cept a knowledge of the natural quali- is proportional to the straining force; 
fications possessed by the substance but as bodies are imperfectly elastic, and 
concerned be tolerably well compre- very small strains are found to impair 
bended ; and generally in proportion to their elastic power, it is not strictly true 
the time devoted to understanding the in practical cases. To add to the diffi- 
comparative power of materials, is the culty of discovering any general law 
safety of a structure increased, and the whereby the strength of a substance 
cost of labour and materials diminished, may be predicated, we find the force of 
(1.) In the times when experiment cohesion to be affected by heat and 
was rare, and dogmatic hypotheses electricity*, so that the only certain 
usurped the place of fact, little light mode of learning the effect of forces on 
can be expected to have fallen on a different materials is to experiment upon 
point so obviously experimental as the them, and so deduce data for subse- 
strength of materials ; the mass of facts quent calculation and application, 
now known, although by no means (3.) Etasticity, — All bodies appear to 
equal to the formation of a system, is possess some amount of elastic force 
principally due to the indefatigable la- while the temporary displacement of 
hours of late years. Years since, Galileo, the particles does not exceed a certain 
Mariotte, Leibnitz, Jas. Bernoulli, and extent f; when that extent is over- 

Euler, gave their theoretical views on 

the strength of beams and columns, • tut n j 

under different kinds of strain; wliile .: 'jfi^:. !!!tf^I r!!w?l^-.?"r ""i 

■^g uuiTJzr-n T» signiticant instance of electric disturbance of 

Musschenbroek, Buffon, Emerson, Ro- cohesion in mercury; Exper. Res. in Electr., 

bmson, and many others, presented a yoi. ii. pp. 166-7. 

mass of experimental results, marked, + From Mr. Hodgkinron's experiments on 

however, by singular disagreements, balls of the following substances, treated in the 

Later experiment and theory have been manner explained at page 9, text and note, 

pursued with greater consistency by be found the following proportional elasticities : 

Messrs. Rennie, Brunei, Barlow, Hodg- perfect elasticity being considered «=.!:— 

kinson, Fairbairn, and others. Their JeU metal . . -67 Glass ... -94 

conclusions, and the application of them n!^*:,'.' * 1J I«>n,cast . . -70 

to practical mechanics; will constitute ^' ^^ ' [^ ^J * ' ' lo 

the present treatise. Cork . . ! ! -65 Limeston; .' ! 79 

. <2-) V."^^.^H°**^'/ *^? theorist has Ehn . . . . -60 Steel, hardened . -79 

httle ability in handling the direct ques- —(Brit Ass. for Advancement of SdsiiA^ 

tion of strength in general cases, as the Reports.) 
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reached, either rupture takes place, or 
the particles have no longer the ability 
to return towards their original position. 
The limit is soon passed, as might be 
supposed, since this property is a direct 
consequence of the particles of matter 
possessing minute circles of cohesive 
attraction and repulsion, the former of 
which may be easily exceeded, and the 
latter, through an alteration in the rela- 
tive position of some of the particles, 
Prevents a return to the original shape, 
t 18 higlily probable that no body can 
be compressed or extended in any de- 
gree without causing some change in 
the relative places of its particles, or 
producing the effect calle^i defect of 
elasticity. The experiments made by 
Mr. Hodgkinson on cast-iron beams, 
deflected by small weights, testify in 
favour of tne supposition : so that the 
common method of estimating a limit 
of elasticity for the limit of working 
strength is unnatural. 

(4.) For the purpose of calculation 
it is convenient to nave a measure of 
the elastic power of different bodies, 
expressed in terms of its own substance 
or in absolute weight. This measure is 
called the modulus* of elasticity, each 
different kind of substance having its 
modulus. It is estimated by supposing 
the material to present a square unit of 
surface, and by any weight or force to 
be extended to double, or compressed 
into one-half the original length : such 
a weight will, of course, represent the 
modulus. The utility of a modulus is, 
that it serves as a standard, for no com- 
mon substance will permit of so great a 

Fig. 114. 



A 

I 









* Modulus (Lat) signifies a measure of a 
small thing. Tlie measure meant in the text 



is ratiber a modus. 



change in its length as here supposed. 
When a modulus is thus obtained by 
calculation it can be used for future 
calculations of elastic power, — the ex- 
tension of a body being considered as 
proportional to the tensile force, by the 
following consideration : — 

If the surface of section presented 
by the body A B C be = 1, or unity, it 
will require a force (which we may call 
c) to extend it to twice its length A B; 
but if it require any weight W to extend 
it to the length of B 6, this proporticm 
of the weights and extensions is at once 
established : — 

€ : W :: 2AB : Bft, 

^^' ^ = 2AB ^ '• 

Also the extension B&, dae to any 
weight W, is 

W 

€ 

The symbol e thus represents the mo- 
dulus, and may therefore be found from 
any experiment of extension, since 

2AB ^ 

'=-bT-^^- 

(5.) The following table presents the 
late estimates of the modulus of elasti- 
city for various useful substances, ex- 
pressed in pounds weight, and also in 
feet, of their own material : — 

lbs. feet. 

Ash 4,970,000 

Beech 4,600,000 

Brass 10,440,000 2,460,000 

Ehn 1,340,000 5,680,000 

Fir, red and yellow . 2,016,000 3,330,000 

white. . . . 1,880,000 8,970,000 

Glass (window) . . 8,580,000 

Ghm metal . . . 9,878,000 2,790,000 

Iron, cast .... 18,400,000 5,760,000 

wrought . . 24,920,000 7,550,000 

Larch 10,740,000 4,415,000 

Lead (cast) . . . 720,000 746,000 

Mahogany . . . 1,596,000 6,570,000 

Marble, white . . 2,520,000 2,150,000 

Oak 1,700,000 4,730,000 

Pine (Amer. yellow) 1,600,000 8,700,000 

Portland Stone . . 1,583,000 1,672,000 

Slate (Welsh) . . 16,800,000 8,240,000 
Steel, shear, best^ not 

hardened . . . 20,000,000 8,880,000 

Zinc 13,680,000 4,480,000 

Several other moduli, such as those 
of working strength and resilience, have 
also been named, but they more or less 
depend on the supposition of an elastic 
limit in the materials. 
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(6.) There are four iiinds of strain to connectiDg rods in machinery; for it has 

which materials are commonly subjected been calculated by Mr. Tredgold that if 

in mechanical works : tension, compress the line of tension be removed from the 

sion, detrusion^ and torsion ; of which axis or centre of the section to one-half 

the two former comprise most cases the radius, only one-quarter of the 

occurring in ordinary practice ; under whole strength will be available ; this 

them, as consisting ot both, may be appears to be incorrect, from direct 

placed the transverse strain, or the case experiments by Mr. Hodgkinson, who 

of a beam supported at one or each end, found that similar bars ofsimilar iron, 

and pressed by any force between. when stretched along their axis or 

centre, broke with 7*65 tons, but when 
the strain was allowed to act along their 

Chapteb n. — Tension; its laws; ex- side, they broke with 2-62 tons; which 

tension of bodies,— Strongest form of 2,'Q2 1 

Section, — Tensile Strengm of Timber : gives for the ratio i-^= , or a 

Musschenbroek and Barlow ; causes of 7 'do 2*92 

different results, — Tensile Strength little above one-third. The conse- 

of Cast Iron : early Estimates ; Mr, quence of inattention in practice to 

HodgkinsorCs Experiments on Hot and tnis fact is, that a framework is loaded 

Cold Blast, — Minard and Desormes* with material which is doing no work. 

Experiments, — Wrought Iron : Tel- The second law appears to be true 

ford*Sy BruneVs, and G, Rennie*s Ex- under all ordinary strains, although the 

periments ; Mr, Fairhaim^s trials of defect becomes practically evident under 

Iron Plate, — Wires and Mixed Metals, severe tension. Mr. Barlow subjected 

— Practical reference to forming a bar of wrought iron to a strain of 

Joints. nine tons, and the successive elongations 

with each ton were in millionths of the 

(7.) Tension is the simplestform of strain whole length of the bar, — 160, 150, 

which can afifect materials, being opposed 130, 120, 110, 120, 120, 120. Again 

by direct cohesion in substances with a he tried another bar of two square 

regular texture ; but in most woods, and inches in section, and adding two tons 

many other kinds of useful material, at each trial, loaded it with 40 tons; 

where the fibres are undulating, or estimating in millionth parts as before, 

twisted, the simplicity of this tensDe the extension up to 36 tons was — 180, 

strain cannot be true: probably owing 140, 110, 110, 110, 110, 100. 100, 100, 

to this, with many other contingencies, 100, 95, 90, 95, 85, 75. Putting aside 

it happens that experiments on the ten- the two former results in each experi- 

sile strength of bodies have shown so ment, as the elastic power appears not 

much disagreement. to have been fully brought into action, 

(8.) Two facts may be affirmed of there remains a tolerably regular series 

bodies subjected to a tensile strain : — of extensions in all the trials until the 

1. The strength or resistance to tear- strain exceeded ten or twelve tons on 
ing asunder is as the area of section. the square inch, when the measure 

2. The extension of a body under changes. , These facts are interesting, 
tension is as the straining force. for it is commonly acknowledged from 

The first, law is somewhat modified experiments that a strain of nine or ten 

by practical difficulties. According to tons per square inch is a limit for long- 

tne principle of cohesion it is evident continued work, and by these trials 

that a rope two inches in diameter will extension is shown to be very equable 

resist a tensile force with four times as as far as, and even beyond, that amount, 

much ability as another of one inch in (9.) From these and several other 

diameter (since the areas are as the experiments Mr. Barlow found that 

squares of the diameters); but that this wrought-iron bars suffer an extension of 

idiole strength may be shown, every 1 -10,000th of their length for every ton 

fibre in die rope must be stretched, and strain per square inch. Vicat, from an 

equally stretched ; if the strain be experiment, has given the extension of 

greatest along any side, that side must iron wire for a strain of 1428 lbs. (or 

sustain the whole force or break. This ^ith the breaking weight) at 000057, or 

consideration is of great practical mo- i-fy^th of its length; this, however, 

ment in estimating the value of all kinds must be regarded as a particular case, 

of ties, as king and queen posts, and since the effect of drawing in wire- 
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making is greatly to increase its tena- wood. 

city. (11.) Mussclienbroek, Buffbn, and 

(10.) In circumstances where a body Bobison practically tried several kinds 
is pendant, and has, therefore, to sup- of wood, but unfortunately with very 
port its own weight as well as the load, different results, which the loose man- 
it is not economical to give it an equal ner of investigation may probably in 
section from top to bottom; as the part account for. The first^named philo- 
lowest part has nothing to sustain ex- sopher took considerable c^re to obtain 
cept the load, it should have no greater a mean strength of timber, by cutting 
section than is requisite to meet that rods from four sides of the same tree, 
strain ; and as the successive parts and at several distances from the centre 
above must sustain all below them, the towards the circumference; each of these 
greater section of the lower parts are lengths presented an area of l-25tli of 
not only useless, but incumbrances, an inch. Reducing his results to the 
The upper section, according to this section of one square inch, they are as 
method, must exhibit a section sufficient follow: — ^Beech and oak bore 17,300 
to meet the strain arising from the lbs.; elm, 13,200; willow, 12,500; ash, 
weight -f the load. In the note are 12,000; fir, 8,330; and cedar, 4,880. 
given formulae for estimating the sec- Subsequently lesser numbers were given 
lions'*^. for the strength of beech, oak, and some 

Numerous experiments have been others. These woods were more satisfiic- 
made on woods and metals, to determine torily examined by Mr. Barlow, who ^ 
their tensile strength ; and the facts de- has detailed his experiments in a treatise j 
vcloped by them are of great interest, on the strength of wood and other ma-* I 
This chapter will comprehend a sum- terlals. He had pieces of the various ' 
mary of these experiments on 1, woods, about a foot long, turned in the i 
Wood; 2, Iron, cast and wrought; middle to a cylinder of 1 -3rd or 1-4 th of * 
and some practical consequences of the an inch in diameter, using the shoulders 
general facts in the making of joints afforded by the large ends to catch be- 
under tension. tween two beams at the upper end, and 
support a scale-pan for weights at the 

• When the section X is uniform, the length lower end. This appeared to allow a 
of the rod in inches being = L, every cubic f^ir exercise of the strength. The great- 
inch of the material in weight = ^^ ^^ est and least, with the mean values ob- 
rrgMoSXhTrw!^\Ti:nrht tainedfromhisexperiments,areasfoUow: 
topmost section will have to sustain a pressure ^^^ *»^ W°^- , , '^/^ . ^^ ^ ^^ 
of Shw + W. Supposbg then that the Ash 1 18 446 { 12,203 

strain altogether is a fraction (as-) of its -r-^v j 11,338 ) ,, ^^,, 

. ^* ,, ^^^'^ { 11,626 J ^^'*^^ 

strength, we have the tenacity of the whole ( no rqa: i 

r < = « (L w 5 + W), Box..„ 20 848 ( ^^'®^- 

whence the section j , ,' ^^ J 

X=-l^. ^- Iffl ^2.208 

^-'^"^ { 7 950 

The weight W^ of the bar is also X L w, or Mahogany... | g^224 j ®'^^^ 

£WL^ 5 8,889) 1^33 

* t — sLw ^aK )12,008j -iv^ooy 

Mr. Moseley has given for the improved m i, j 14,662 j , - ^^^ 

section ^^^ (16,405) A6,W0 

aW -y*^ When the variable character of the 

^ "^ "f ^ * materials under experiment is considered, 

where i is the base of the hyperbolic loga- "" addition to some possible errors in 

rithms, or 27182818 and x is the distance of operating, there can be no difficulty in 

the section under inquiry from the point where understanding why such differences 

the weight W is attached. The weight Wg should appear in the conclusions. Mus- 

of such a rod is schenbroek, and Robison nfler him, 

W « W ^ 7^ '\ agree in considenng that tlie wood taken 

* \« —1/ from the parts surrounding the pith or 

and the saving of material over the equal sec- centre is the weakest. Gerard and Bar* 

tion is found^ since it is equal to W, - W^. low agree in stating them to be the 
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strongest. Age, the time of the year more tenacious or rough kinds expose 

when cut down, and the soil whence a surface of dark grey, yet lustrous, 

the wood has been taken, greatly influ- with a texture more resembling the 

ence the strength ; a marshy position for fibrous : it would appear from analyses 

atreeisnotconducivetothe excellence of of cast iron that this toughness is due 

its timber in respect of strength and so- to the admixture of foreign matter in 

lidity, for Mr. Barlow found the specific the §melting*. 

gravit}^ of wood thus grown to be to that (13.) The tensile strength of cast iron 

of another specimen from dry ground as was long very much overrated. Mr. 

5 to 7, and their strength as 4 to 5. Tredgold, from experiments on the trans- 

This observation would testify in favour verse fracture of several bars, most 

of the view that the exterior are less erroneously estimated it at 20 tons, 

strong than the interior portions of a Three direct experiments brought the 

tree, since the sap of exogenous vege- estimate more nearly to the probable 

tables (such as oak, fir, &c.), passes up amount : Captain Brown finding it 7.26 

in the outer portions ; while tne inner, tons ; Mr. G. Rennie (Phil. Trans., 

yearly becoming compact and less fluid, 1818), in two trials, obtained 8*52 and 

pc/?f«sses greater solidity. The few 8*66 tons; a mean of all giving 8*14 tons, 

facts at present known to us show the Mr. Barlow, nevertheless, conjectured 

necessity of observing all the circum- from theoretical principles, that the 

stances attending any particular specimen strength must be at least 10 tons per 

under experiment before anything like a square inch. 

law of strength can he established. The most recent experiments on cast 

iron are those of Mr. Hodgkinson on the 

^^^^' strength of that metal from furnaces 

We are fortunate in possessing much supplied with a blast of air previously 

more precise information concerning this raised to the temperature of 600° or 

universally useful material, owing to the more, and comparing the specimens with 

labours of several experimenters. As in those from common cold-blast furnaces, 

the case of woods, there is a different The castings in the middle were of the form 

strength to each owing to the contin- -f-. This part was of course weaker than 

gencies of manufacture. the ends, which were connected with 

(12.) Castlron'is a substance of crys- the trying machine: with such a form of 

talline texture, and very variable in its section the strain was more certain of 

qualities; the section of a fracture ge- passing through the centre, and so reliev- 

nerally exhibits a beautiful lustre, ap- ing the results from any uncertainty as to 

parently possessing more or less crystal- their value from unequal strain. The 

line regularity of disposition, when the following table is a summary of Mr. 

specimen is very hard and brittle ; the Hodgkinson*s trials on these castings ; — 

Hot Blast Cold Blast. 

"^Ibs! lbs! t. cwtN lbs. lbs. t. cwt. 

Carron Iron, No. 2. . 1 12^993 ( Mean 13,605 = 6 0^ | \qIII \ Mean 16,683 = 79 

Carron Iron, No. 3. . | Je'Jn I " 17''^55 = 7 ISJ U^^^M „ 14,200 = 6 7 

Devon (Scot.) Iron, No.3. 21,907 ... 9 ISJ 

Buffery Iron, No. 1. . 13,434 ... 6 17,466 ... 7 16 

Coed Talon (N. Wales) J 16,279 ) laR^ti-^'r o i 19,610 ) .«o«k o a 

Iron, No. 2.. . . } 17,074 } » 1^76 = 7 9 j igliQO { " 18,365 = 8 4 

Mean . 7 4| Mean . 7 14 

• Dr. Thomson undertook, at the request Cold Blast. Hot Blast. 

of the British Association for the Advance- Iron 91*154 95*584 withoccasion- 

ment of Science, to make a few analyses of Manganese... 2*027 0*871 j"JntftyoJ?J^ 

cast iron from hot and cold blast furnaces. Carbon 3*855 2*099 per, sulphur^ 

The results are interesting. Three specimens Silica 1*177 1*086 mafrnesia, or 

of No. 1, Muirkirk, and one each of pyrites. Aluminum... 1*651 0*422 «al«""a- 

Carron, and Clyde iron, of cold blast, were 

taken, and as many specimens from hot-blast 99*874 99*062 

furnaces, affording the following mean per- 

centage of matten ^— The hoVblaat isoa ^& csS&ssfi!^ ^^^^ '^D»aBk 
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The difference obsenrable between hot 
and cold-blast iron appears to be small, 
i£ anything, in favour of the cold blast, 
but the general mean may be taken as a 
safe ayerage tensile strength of cast iron ; 
considerably less than the supposed 
yalue of Mr. Barlow, and greatly below 
Mr. Tredgold's estimate from transyerse 
rupture *. A confirmatory view is given 
by Messrs. Minard and Desormes, who 
undertook to find what influence varia- 
tion of temperature might have on the 
cohesion of cast iron ; their final results 
(at the square inch), are as follow : — 

Tempenture. Breaking Weight 



Kind of lion* 

1. Welsh . . 

2. ft . ^ • 
8. 8ta£R)rdsfair6 

5. Wels^' . . 

6. Swediah. . 

7. Ffcggotted . 

8. Staffiirdiliiie 
9. 



29^80 
29-80 
27-15 
27-50 
29H)0 
29^ 
29-00 
8100 
81*80 



Mean . . 2900 



perlboC 
1-83 
1-42 
4-30 
1-21 
2-75 
0-87 
2-87 
1-00 
2-20 

218 



— 6"P . 


. 6*51 tons. 


+21-2 . 


. 6-62 


28 . 


. 6-60 


23 . 


. 5-41 


37-4 . 


. 8-29 


41 . 


. 7-39 Mean=7-lS9 


41 . 


. 8-23 


41 . 


. 9-08 


41 


. 6-73 


140 . 


. 7-23 



Not only do these results accord with 
those of Mr. Hodgkinson, but we learn, 
that within more than the ordinary na- 
tural range of temperature no variation 
in the cohesion of cast iron is detectable. 
From these experiments, therefore, we 
must conclude that the ultimate tensile 
strength of cast iron may be safely es- 
timated at 7 tons. 

(14.) Wrought Iron, — Owing to the 
application of this material to cable- 
making, bridge and ship-building, and 
very many other important purposes, it 
has undergone several trials of strength. 
Mr. Telford subjected some iron bars, 
from 2\ feet to I foot 7 inches long, to 
breaking strains, by means of an hydro- 
static press, and made the following ob- 
servations, which are reduced to the 
square inch of section ; — 

the cold-blast, which acconnts for its greater 
brittleness ; this is said to be obviated com- 
pletely by adding a small portion of Welsh 
scrap iron. As might be supposed, the 
density of hot-blast is greater than that of cold- 
blast iron, several trials with each kind giving, 
for the specific gravity of the former, 7"0, and 
for the latter, 6*7. — Reports, vol. 6, p. 117. 
(1838.) 

♦ Two other trials were afterwards added 
of Low Moor (Yorkshire) iron. No. 3, which 
gave a strength of 6^ tons ; and a mixture of 
iron, a mean of four experiments on which 
foxDished 7 tons 72 cwt 



The elongations of 6, 7* 8, were taken 
before the breaking load was attained. 
No. 6 bemg measured at 27 tons; No. 7 
at 28 tons; and No. 8 at 30 tons. The 
mean of the elongations comprise all but 
the Swedish specimen* but the quanti^ 
in each case is irregular ; not so, how- 
ever, the ultimate strength, the mean 
differing but little from the maximum or 
minimum. 

Mr. Brunei obtained higher averages 
from three sets of experiments on ho- 
mered iron, his numbers being 50*4, 
32*3, and 30-8 tons for the ultimate 
strength. 

Mr. G. Rennie, in a series of experi- 
ments on different materials, found 
24*93 to express the tensile strength of 
English iron ; this accords with Captain 
Brown's trials, which afford a strength 
of 25 tons. 

A mean strength of bar iron in general 
use is 27 tons, one-third of which, or 
9 tons, is considered a safe load-strength. 

(15.) Iron plate has received investi- 
gation at the hands of Mr. Fairbairn, in 
reference to iron ship-building. The 
following varieties of plate were taken, 
all being of uniform thickness, with ex- 
tra plates riveted at each end to lay 
hold of the shackle or tension apparatus ; 
one set being stretched across the fibre, 
and the other parallel with the fibre — 

Kind of Iron. 
Yorkshire plates 



Drawn across Drawn paralld 
the fibre, with the fibre. 



ff 



Derbyshire „ 
Shropshire „ 
Sta£fordshire„ 



27*49 
26-04 
18-65 
20-00 
21-01 



Mean . . 28-04 



26-77 
22-76 
21-68 
22-83 
19-56 

22-62 



No great difference appears to result 
from the direction of the force with 
respect to that of the fibre, but there 
is more regularity in the strength of the 
plates drawn in the direction of the fibre 
than in those drawn across it. The mean 



! 



Single riyeted. 
20,127 lbs. 
16,107 
18,982 
19,147 


Double riyeted. 
22,699 lbs. 
28,371 
20.059 
22,902 


Mean.... 18,590 


22,258 
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strength also is less than that of iron holes) to tension as in the simple plates; 

bars. one set of four, with a single row, and 

(16.) Theprocesses of hammering and the other with a double row of rivets, 

drawing greatly increase the tenacity of He obtained the following results* : — 
metals. Robison (Ency. Brit) remarks, 
that the cohesion of lead, gold, siWer, 
and brass, is in this way nearly tripled, and 
of copper and brass doubled. Mr. Telford 
made several experiments on wires of 
four different sizes, from "100 to '(MS of 
an inch diameter, and obtained a mean 

result of 38^ tons per square inch as the • 

ultimate strength ^e page 217). Two The manifest superiority of double 
continentals. Col. JDufour and M. Vicat, riveting is very evident, and taking the 
give a much higher estimate, the former mean of all his experiments, Mr. Fair- 
stating 41*7 tons, and the latter 47 tons bairn found the ratio of strength in the 
as the ultimate strength of iron wire. single and double-riveted plates to be as 

(17.) The mixture of metals is said 742 : 1000. Thus, placing the strength 

to increase the tenacity to a considerable of the whole plate and riveted plates 

extent. Musschenbroek states that 6 of in comparison we have — 

copper and 1 of tin give a tensile power p^r the strength of the plate . . 100 

of 640, while the two constituents alone por that of the double-riveted plates 70 

are respectively 370 and 65 ; 1 of lead, For that of the single -riveted plates 56 

1 of rinc, and 4 of tin, 130 ; separately, ^he weakening of jointed plates made 

^/,o ; A 1 ui ^-11 .Mr. Fairbairn fearful of the results in 

(18.) A valuable pract;ical lesson is eonstructing the Britannia and Conwav 

derived from the nnnciple of tension, ^^^ ^"f^ ^„^l, depended on the 

concerning the making of joints ; it is ^j^^^j j^. ^j,^ j^^^^ j^^es, which are 

plain from the facts expenmentellyascer- ^^^^ ^^^^ji^ 3^^^^ ^^^ igg) 1^^ 

tamed that these estimates of strength g„^^ ^^^^^ ^^^^^ 1^^ ^^^,l3 ^^n.^veting, 

can only be applied where the strain on ^^^^ ( |^^j ^ ^^^ ^^ ^^ ^^^ ^|_ 

any section is regular and even over that ^^j^^ ^^e othe?. in the tension, instead of 

section; too commonly jomts are made reading them about after the old fa- 

irrespective of the consequence that so ^^^^^ ^^is saved much weakening of 

much of the strength is lost by throwing ^^^ ,^^^g ^^ y^ hole-punching, since 

the strain on one side, or not fairly theirstrengthisllssenedby just so much 

bringing the whole matenal into work. ^ ^^^ secUonal area of the part punched 

In carpentry, the proper method of ar- ^he trials made were with a 

ranging joints is sufficiently evident, but ^j f^ ^ y^^^^ ^ ^ ^^^ bottom 

the joining of iron work calls for more covering-plate over the joint; and a 

consideration. In forming eyes by weld- ^^^^^ ^j^^^ ^j^^ a single covering-plate 

ing, at the ends of iron bars, for chain- , ^^^ ^^ ^^^ ^.^^ ^f the joint (see fig. 

hnks, and other purposes, the bar is ^ ^g^^ Half-inch rivets were used, 

found to be weaker than m its plam and the following results obtained f:- 

form. In iron plate work the Jomts are ^ Single.plate.-24-41 tons (on the 

made by riveting, on which the whole ^ f^^j^^ the plates were torn 

efficacy of the built-up plate work de- J^^j^^ ^y^^^^^ the rivet holes, 

pends. We are indebted to Mr. Fair- ^ Double.plate.~18-73 tons (on the 

bairn for expenments made direcdv 3 j^^^) ; the plates broke asunder 

relating to this important subject, with ^,^ shearing off the rivets close to the 

a view to gather matenals for scientific nlatc 

iron ship-building, and, more lately, to *' ^hese trials showed a great strength 

find the strongest mode of nveting for ^^^ ^he first plate, but in the second case, 

the plates forming the Bntanma and ^j^^ f^^j^ ^^ ^jj^ the rivets; when, 

Conway tubular bridge. By trying however, they were made of larger 

plates as before mentioned (art. 15), diameter, so as to be equal in area to 

Mr. Fairbaim obtained a mean value of 

22-78 tons as their breaking weight per * Brit Ass. for the Adv. of Science, Re- 
square inch. Similar plates were then ports, 1840, voL 10. 
riveted, care being taken to expose as f An Account, &c., of Britannia and Con- 
much surface (independently of the rivet way Tubnlar Bridges, p. 2E4, 
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the plates, similar strength was again cemed, the fact is of less importance, 
realised. Now in the first experiment but it confuses theoretical views, 
the ratio of the areas of the rivets and The following facts appear to be well 
plates was '785 to '750, and in the latter, established of materials under a crush- 
where the rivets were deficient, it was ing force: — 

0-785 to 1-500. These two experiments 1. The strength is as the transverse 

seem to point out a most important rule : area or section. 

tiiat to obtain the maximum strength 2, The plane of rupture in a crushed 

in chain-riveting the arcff^ of the rivets body is inchned at a constant angle to 
should be nearly equal to that of the the base of the body, 
plates. 3. The measure of compression- 
strength is constant only witliin certain 
Chapter IIL-Compression; physical Proportions of the diameter and height 
laws of tnipture by crushing,- Com. '"^ ^^'y ^^f^'^""' . , , 
pressiotpower of Wood ; Iron, cast O^O ^' The first law was not re- 
and wrought; and Stone. Strength of ^P^^^d as a natural verity some time 
Pillars of Iron, Wood, and Stone. s^»<^« \ indeed, severd experiments ap, 
'' peared to decide on the contrary, but it 
The principles governing the disintegra- is uncertain how many of them were 
lion of a body by compression of its conducted ; others were prosecuted with 
parts are more intricate and obscure insufficient accuracy, and as everything 
than those of tension ; the forces ap- depends on the accuracy, of an experi- 
plied are so modified and resolved into ment in all its minute features, they 
others, by the peculiar constitution of must carry little weight. Mr. Hodgkin- 
nny material or relative position of its son, in his experiments on cast iron, 
particles, as almost to prevent any two discovered that his values pointed out 
experiments exliibiting similar pheno- this equality, though doubtfully; he 
mena of rupture, although the bodies therefore tried twelve cylinders of teak- 
may sustain nearly the same pressure ; wood of different diameters, which fur- 
so far, therefore, as practice is con- nished these results : — 

i in. diam. 1 in. dlam. 2 in. diam. 

Crushing weight 2439 lbs. 10,171 lbs. 40,304 lbs. 

• Proportion of weights ... 1 4*17 16*5 

The areas being as the squares of the sliding off in an angle dependent on the 

diameters, an exact proportion would nature of the material, and in cast iron 

have been 1, 4, 16; but the above the height of this wedge is about \^ 

figures, particularly considered as the the diameter, or thickness of the base 

mean of twelve trials, are amply sufli- of the wedge. If the body to be 

cient to justify the statement of pro- crushed is shorter than would be suffi- 

portionality of the strength and 'area ; cient to admit a wedge of the full 

still there may be a disposition in some length to slide off, then it would require 

substances for the particles of one ver- more than its natural degree of force to 

tical layer to help those of another, and crush it; because the wedge itself must 

so increase somewhat the apparent either be crushed, or slide off in a 

strength. direction of greater difficulty. If, on 

(20.) 2. It was observed by Rondelet the other hand, the height of the body 

and others, that when a rod submitted to be crushed be much greater than the 

to pressure was but three or four times length of the wedge, then the body will 

its diameter in length, the parts were sustain some degree of flexure, and 

split about without any bending of the fracture will be faciUtated in conse- 

whole rod on one side; but that beyond quence."* 

this proportion — if the length be greater The following extract from one of 

— it would fracture by bending at or his tables sufficiently illustrates these 

near the middle. It is now a well- remarks, showing the superior strength 

ascertained circumstance that the crush- exhibited by specimens as there is less 

ing strength of a body varies according room for a fair separation of their 

to its relative height and breadth. Mr. parts : — 

Hodgkinson remarks in the detail of • • 

his experiments : — " When bodies are » Philosophical Tiaasactions, vol* cxxx., 

crushed, they give way by a wedge 1840, p. 419. 
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Height of 
spectmens. 

i 

I 

i 

I 
1 

n 

2 



tf 
it 
f> 
f» 
y» 
ft 
n 



Cylinder ) inch 
maroeter, area 
of base*1903i 

80,461 Ibf. 
26,983 „ 
26,412 „ 
24,210 „ 



28,465 



99 



22,867 „ 
24,177 „ 
28,453 „ 
21,828 J, 



Right prisms, 
tMuesi squares, 
I inch the side. 



25,721 lbs. 
24,191 „ 
23,950 „ 



Fig. 116. 




Unless, therefore, the height be more 
than equal to the diameter, the strength 
found will not answer for taller speci- 
mens. With so important an observa- 
tion now plainly before us, it is unfor- 
tunate that we possess no certain in- 
formation on the proportions which 
exist in other materials beside cast iron ; 
a great number of experiments on 
record are, by this discovery, shown to 
be unsafe for application except in cases 
under the same conditions. Calling 
the diameter of a specimen 1 , we have 
for a fair crushing proportional height — 

In stone (limestone?) from ? to 12 
In cast iron • • • »i li „ 4 
In wrought iron . • „ r ,, 4 
In wood ....,, i >» » 

(21.) 3. When rupture occurs in a 
piece of sufficient length to afford a 
regular separation of its parts, there are 
conic portions, having for bases the 
upper and lower faces of the specimen, 
"wliich appear to effect the breaking 
asunder of the other portions. The 
two following figures are instances, from 
the same experimenter, of a cylinder 
and prism crushed by the angular form 
of their parts. The first figure shows 

Fig. 115. 



ing the other pieces asunder. From a 
number of experiments Mr. Hodgkinson 
found the form of fracture, in suitable 
specimens, to be of the form in Jig. I17i 

Fig. 117. 





a cylinder being crushed, and forming 
two cones or wedges, which are pointed, 
and ready to slide past each other, 
driving the lateral portions outwards. 
This wedge or pyramid is exhibited 
plainly in the second figure, where its 
pointed apex a is remarkable; it has 
evidently been the instrument of push- 



the angle abc (Jig, 117) between the 
wedge-side and its base being tolerably 
constant for the same description of 
material. In cast iron the results were 
as follows : — 

Cylinders. Rectangles. 

Least angle . 49° 0' 51° 0' 
Greatest angle 52 60 
Mean angle 55 32 54 41 

In wood the angle observed was about 

26i<^. 

We possess a considerable number 
of experiments on the compression of 
materials, but most of them are unfor- 
tunately without that accompanying 
detail and variation of length in the 
pieces tried, which furnish all that is 
valuable for scientific purposes. 

Wood. 

(22.) But few practical inquiries have 
been made on the crushing of timber, and 
those are not so concordant as to give 
satisfaction. M. Rondelet gives the 
power of oak and fir at the following 
values : — 

Oak 6800 lbs. 

Fir 8000 „ 

Several woods were tried by Mr. 
Rennie, who finds for English oak a 
value of 3860 lbs., and with a piece 
four inches high, 5147 lbs.; for elm, 
1284 lbs.; American pine, 1606 lbs.; 
white deal, 1928 lbs. 

(23.) Mr. Hodgkinson made some 
trials on short cylinders of different 
kinds of wood^ when «iq»\&k<«\!ax. ^a^su^^ 
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as is commonly the case, and also after unless the structure of the piece should 

being kept in a warm place for two be altogether afike, — a chance almost 

months. The pieces were, in the first impossible amongst the varied circum- 

series, two inches long by one inch stances of formation m Tegetable bodies, 
diameter; in the secona they were fre- 
quently one inch high only. Ibon. 

KindofWoofL Damp. Dry. (24.) Coit Iron, — The most extrava- 

Alder 6831 6,960 ga"* opinions were entertained of the 

j^g]j 8683 9,363 power of cast iron to resist pressure, 

Baywood !!!... 7618 7^518 owing to dependence on a few ill-con- 

Beech 7733 9,363 ducted experiments. Even those of 

American Birch 11,663 Mr. Rennie. who exercised some care, 

English Birch 8297 6,402 and varied the length and breadth of 

Cedar 5674 6,863 hjg specimens, present as the lowest 

Crab 6499 7,148 estimate a strength of 90,000 lbs., or 

^.,^??^ , ^It^ Mil above 40 tons per square inch. 

Sr."""' ; :. ; : : : nil wl ^h- subject was taken up by Mr. 

jjjjjj 10 331 Hodgkinson, a few years since, with a 

Fir (Spruce)* . . . . ! 6499 6^819 simple ^paratus, but far more calcu- 

Hornbeam 4533 7,2&9 lated to realize accurate results than 

Mahogany 8198 8,198 any former method. It consisted of a 

Oak (Dantzig, very dry) 7,731 small box of iron, having a hole bored 

„ (English) 6484 10,068 at one end, to admit a small cylinder or 

ft (Qnebec) 4231 6,982 pjyg capable of moving up or down 

Pine (pitch) • • • • • 6790 6,790 without any side motion ; the lower end 

„ (yellow, fuU of turpen- ^ ^f ^jg pj^g ^^g ^^^^ accurately flat, 

°/ jv' roar ^t'k-i q SO as to prcss evenly on the surface of 

„ (red) Od9o 7,olo ,.„, *^ . i "'j • ^i. u j 

Poplar . 3107 6124 any little piece placed m the box and 

Plum (wet) ...!!* 3664 '... "ne'er it for experiment; its upper ex- 

^, (dry) 8241 10,493 tremity was rounded that a lever which 

Sycamore 7082 ... pressed upon it might act along its 

Teak 12,101 centre. When the piece was to be 

IJarch 3201 5,568 crushed it was placed on a steel plate in 

Wahiut 6063 7.22r the iron box, the plug pushed down 

billow 2898 6,128 ^pon u^ ^nd a weight carried along the 

The above table, from the experience lever above the plug ; its varied beha- 

in the fracture .of material which the viour until rupture commenced, and the 

experimenter had obtained, must be manner of rupture, could be observed 

considered as the most satisfactory in through the open side of the box. 
our possession, although it is highly The following table gives the means 

probable that none of his values would of several trials on each kind of iron, 

agree with the most careful trial on any with the relative height and diameter of 

similar woods ; it could not happen the pieces used : — 

Form of No. of Mean strenffth per square inch. 

Description of Iron. Specimen. Experiments, lbs. tons. cwt. 

Devon (Scotch) iron. No. 3, hot blast. Cylinder. 4 136,435 = 64 18 J 

Buffery (near Birmingham) iron, No. 1,. 

hot blast „. 4 86,397 = 38 11^ 

Do., cold blast „ 4 9%385 = 41 13^ 

Coed-Talon (Welsh) iron, No. 2, hot 

blast „ 4 82,734 = 36 18J 

Do., cold blast ,, 4 81,770 = 36 10 

Carron (Scotch) iron, No. 2, hot hlaat. | ^nd prfsms I ^^ 114,703 = 61 4 

Do., cold blast „ 22 111,248 = 49 13J 

Carron iron, No. 8, hot blast . . . Prisms. 3 133,440 = 59 11^ 

Do., cold blast „ 4 116,442 = 51 10| 

Low Moor (Yorkshire) iron, No. 3, J Cylinder. 3 116,911 > mnoni ja ai 

cold blast I Rectangle. 2 103,692 \ lO^'^Ol = 49 OJ 

M.eBZL ... 48 2 



Exp. 


Weight per sq. indu C 
lbs. toiuu 


Compress 






1 


20,610= 9-2 


•0? 


2 


24,319 = 10-9 


•015 


S 


28,028 = 12-5 


•02 


4 


41.218= 18-4 


•04 


5 


61,830 = 27-6 


•16 



THE STRENGTH OP MATERIALS. 243 

The general mean of 48 tons may be kind of iron is very much more powerful 

therefore allowed as a common estimate in resisting a superincumbent load than 

of ultimate strength. in sustaining a pendant weight. Taking 

(25.) We learn from a comparison of the least and greatest strength in the 

these experiments with those on the above table, and calling the tensile 

tensile strength of cast iron, that this strength unity, we have this ratio : — 

Least strength (Coed-Talon, No. 2) . 4-837 : 1 > ^ a «;q i 
Greatest strength (Carron, No. 3) . . 8-473 ; 1 J ^^^^ o o» : i. 

The following experiments * will illus- with a certain weiglit, and the conse- 
trate the behaviour of wrought iron quential alterations measured by a 
under pressure, each piece being tried gauge: — 

Cylinders 2-5 in. long and -62 in. diam. 
Diameter to length as 1 : 4. 

Remarks. 

No remarkable alteration. 

Diameter increased. 

Diameter became -63 inch, cylinder bent. 

Bent, diameter became -65 inch. 

(26.) Wrought Iron. — ^AJl our in- qqq 

formation on the compression strength strength of such a tube — - ^ 13-6 
of this material is, that M. Rondelet 

found that cubes of an inch bore 70,000 tons per square inch, 
lbs. Mr. Hodgkinson's observations are Stone 

not {ax different : & or 10 tons per 

square inch were found to jflatten slightly (28.) Our knowledge of the strength 

the compressed specimens, and 27 or of stone is very limited, although it is 

30 tons per square inch permanently t^e most generally useful of materials, 

reduced them one-sixteenth of their The quality of the same kind of stone 

length. of necessity differs greatly in various 

(27.) Mr. Fairbairn made an experi- localities— even in the same quarry 
ment to learn the ability of iron plates, "juc*^ difference may be found, from the 
when formed into a tube, to resist com- circumstances attending the formation 
pression. The tube was constructed of of the stratum or bed; and this is in- 
plates half an inch tliick, with angle creased by the common admixture, in 
iron at the corners ; it was eight feet stratified rocks, of more or less organic 
long and 1 foot 6 inches square, and remains. Unfortunately those experi- 
probably, therefore, was somewhat be- mental results which we possess were 
yond the fair proportion of length to obtained without attention to the fact 
diameter, yet the strength found was that the specimens should be of a cer- 
considerable ; it presented an area of ta*" height (see art. 20) to show a proper 
50 square inches. When 615 tons compression strength. The bulk of the 
pressure had been applied (by an hydro- examples are with cubes ; a fault ex- 
static press), there was a flexure on two cusable with those experimenters who 
sides— the one of -75, or jths of an made their work public before these 
inch, the other of 1| inch, and a com- peculiarities were well known, but the 
pression of -063 of an inch ; a short same cannot be said of the investiga- 
lime previous to 690 tons being laid on tions conducted on various lime- and 
it was observed to yield, and three sides sand-stones, by a commission appointed 
bent out; the ultimate strength of the to find out the best stone for the new 
tube was now attained, although not Houses of Parliament: these experi- 
that of the materia. The experimenter menu, executed with singular minute- 
took 680 tons as the feir breaking ness on some pomts, would have been 
weight, which gives for the specific "jost useful, from their variety and spe- 
. cification of the localities, but they were 

* Mr. HodgkinnnoB fftangtb tf FilUm. made on eubes, at a period when the 

Phil Trans., 1840, p. 422. laws of fracture were sa. Y^kAk. v^ ^&. 

-ft.*! 
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pretent, and arc thetefore of )imit«d the prindpal fteti known on die cnuh> 
value. The foUoiring table comprisea iog strength of atone : — 

BpKiac intit;. Cncklng wdght CtmUagwaga. 

Onwuie. lU. II* 

Aberdeen (blot.) ... ... 10,888 'B 

' 2626 ... 10.B14 B 

Coniirii 2-603 ... 6,06« 

Dartmooc ... — 18,176 B 

Hejlor ... ... 18.886 B 

He™ ... U.m B 

itothjn ... ... 7,728 B 

PeterWa {blue) ... ... lO.lW B 

pBttrlKid (gpej) ... ... 9.8M B 

Pelerhaid ... ... 8,283 B 

(Hoi ipecified) ... E,90S B 

Marble (while) ... ... ».680 

Ancut*r . 2-182 8,800 9,360 C 

Barnatk 209O 4,688 7,08S C 

BolMier 2-318 1S,8S: 30,1*7-6 

Brodiworth 20B8 7,366-6 18,416-5 

CadebT 1-861 6,686-6 8,616-6 

Chilmark (3 (peomeni) .... 2-410 10,286 26,600 

CnigleLth 2-4S2 ... 6,480 

HunhUl 2-280 6,233 16,U8 

Haydor 2-040 4,588 7,088 

Hildeniy 2-098 17,665-6 18,268-6 C 

Huddleilone 2-U7 8,638 17,288 

JaAdan- Craig 2-070 10,666-6 18,803 C 

KeltoQ 2-646 6,238 10,285 C 

Kenon Rag 2480 14,166-6 86,983 C 

Park Nook 2188 7,868-6 17,288 

Portland < Waycroft Qaarrr) . . 2-146 8,600 16,583 

PoTtliind ... ... 4,670 B 

Furbeck 2-588 ... 9,180 

Boche Abbev 2-134 6,800 16,583 C 

TottemhM 1-891 S,866 7,700 

Sandiloat. 

BrMnleyPiai 2-606 ... 6,063 

Binnie 2-194 10,788-6 20,118-6 

Boi 1-839 6,100 6,960 

Bcsmham Uo«r 2008 10,666'G 23,6497 

Cnieleith 2'2eS 17,000 Sl,449'6 

Sarlej Dale, StancliSe .... 2628 26,0U-6 28,333 

Derby ... ... 8,110 

Dvndee ... ... 8,480 

Qifiheach 3-230 13,698 19,266-5 

Heddon 2-229 7,366-6 15,866 

Eoakatone 2'2S3 17,688-5 23,233 

EentoD 2-217 . 18,693 19,831 

Hanifidd, or C. Lindley'a red . . 2-333 8,038 20,397 

IfaniGeld, or 0. Lmdlej*! white . 2-277 10,286 20,963-6 

Horlev Uooc 2053 8,236 19,833 

Park Spring 2321 15,866 80,316 G 

Bedgatfl 2-238 15,383 23,648-7 

StBDley 2-S27 10,235 18,883 C 

Brick, pale red 2-08E ... 682 B 

red 2188 ... 807 B 

(SWurbridge, fire) ... ... ... 1,717 B 

(29.) The subjoined remarks on the " With reference to aandstones, luch 
specific qualitf of sand and iimesCones as ore usually employed for buildii^ 

ate iiilere^ting : — purposes, and which are general!]' com- 

■ To iddicale the anlboritiei, B atanda for Bcamib, B lor Bcnnie, asd tot the Fi 
Houtet Cummiaawu. 
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posed of either quartz or silicious grains strength varied as the fourth power of 
cemented by silicious, argillaceous, cal- the diameter, and inversely as the 
careous, or other matter 5 their decom- square of the length of a pillar, 
position is effected according to the (31.) Although a few laboured re- 
nature of the cemented substance, the searches had been made on this matter, 
grains being comparatively indestructible, few consistent facts were made known 
With respect to limestones composed of until, by the advice and liberal assistance 
carbonate of lime, or the carbonates of of Mr. Fairbairn, a course of experi- 
lime and magnesia, either nearly pure ments was undertaken by Mr. Hodgkin- 
or mixed with variable proportions of son, who has prosecuted a most useful 
foreign matter, their decomposition de- research on the strength of cast and 
pends, other things being equal, upon wrought iron, steel, and wood pillars, 
the mode in which their component His investigations were extended to 
parts are aggregated, those which are long and short pillars, varying in length 
most crystalline being found to be the from 2 to 121 times the diameter, and 
most durable, while those which partake of the following forms : — 
least of that character suffer most from Solid cylindrical pillars, 
exposure to atmospheric influences. with rounded ends. 

•* The varieties of limestone termed with flat ends, 

oolites, being composed of oviform with rounded and flat ends, 

bodies cemented by calcareous matter with discs at each end. 

of a varied character, will, of necessity, with enlarged middle, 

suffer unequal decomposition, unless Solid square pillars, 

such oviform bodies and the cement be Hollow cylinders, 

equally coherent. Those limestones with rounded ends, 

which are usually termed * shelly,* from with flat ends, 

being chiefly formed of either broken or The apparatus was analogous in kind 

perfect fossil shells cemented by calca- to that mentioned in art. 24, for crush- 

reous matter, suffer decomposition in an ing small pieces of iron ; but the box 

unequal manner, in consequence of the was, of course, much longer, and greater 

shells, which, for the most part crystal- care was taken to preserve the direction 

line, offer the greatest amount of resist- of the force along the middle. The 

ance to the decomposing effects of the results of his numerous experiments are 

atmosphere. highly satisfactory for their mutual 

'' Sandstones, from the mode of their agreement : the results only can be 

formation, are very frequently laminated, given in these pages, owing to the 

more especially when micaceous, the extent of the original paper "^^ 

plates of mica being deposited in planes Lone Pillars, 

parallel to their beds. Hence if such (^.q^, ^q ^^ ^^l times as long as their 

stone be placed m buildmgs at a right diameter.) 

angle to its natural bed, it will decom- .^2.) Flat and rounded ends.— A 

pose in flakes, Recording to the thick- comparison of the tabular results of the 

ness of the laminae ; wnereas, if it be ^^j^g ^j^j^ ^^j^g^ ^^^ fo,^g^ indicates 

placed upon its natural bed, the amount ^y^^ general mean ratio of strength of 

of decomposition will be comparatively ^^le two as 3-167 : 1, or long pillars with 

immaterial.' * flat ends resist bresJiing by flexure with 

Pillars. above three times the power of pillars 

^^^^ ^, 1 r '11 u • "with rounded ends, other dimensions 

(30 ) The strength of pillars, being ^^^j ,^ j^ ^^^^^^^ jjj^^^ ^^^j^ 

equally an intricate and important in- ^^^.^ .^ ^^^ constant ; and in a pillar 

Quiry, has, at various times, attracted 20 inches long, and -76 inch diameter (or 

tlie attention of scientific men. Euler ^^^^^ 34 times the diameter), the ratio 

published a very well-known paper on ^,^^^ , ^^ 2-36 : 1, and so varied to 

the subject, but treated it purely on gj^ajf pju^rs in length 7i times the dia- 

theoretical grounds; his conclusions. n,eter, which gave 1-63 : 1. There is, 

however, are not so widely different ^hg^efore, not any great difference be- 

from the truth as might be supposed ^^^^^ ^^^^ ^^^ ^^^^^ ^^ ^^^^ j^^ 3,^^^^ 

from the irregular data with which he pjjjayg 

calculated. Divesting the formula of ^ a comparison of the tables also indi- 

other quantiues, he showed that the gates t hat a flat-end pillar has as musib. 

• Beport of the CommiMioncrs. * T?\i\\of»^\i\«D\'^TWAw2stf^^ 
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ability to resist flexure as a romided- whereby to fasten it at eadi end, the 
end pillar of similar diameter and half diflerence being some increase of 
the length ; and this also holds true if strength. The flowing examples illns- 
the flat-end pillar is supplied with discs 'trate this fact : — 



With flat ends. 


With discs on the flat ends. 


With rounded ends. 


Length 60i A. 


Length eOi in. 


Length 30^ m. 


Diameter. 


Breaking weight. 


Diameter. Braking might. 


Dtameftec Saeiduag weight, 


•77 in. 


2,456 lbs. 


•775 in. 2,719 lbs. 


•77 in. 2,726 lbs. 


•996,, 


6,238 „ 


1-00 „ 6,830 „ 


•99 „ 6,105., 


1-29 „ 


16,064 „ 


1-28 „ 16,369 „ 


1-29 „ 17,235 „ 


1-56 „ 


28,962 „ 


1-58 „ 30,789 „ 


1-52 „ 32,531 „ 



(S3.) One end rounded and the other by taking the amount in logarithms f, 

flat. — These were found to take a place and we have the resulting index 3*718 : 

in point of strength between the alto- by treating the other experiments in a 

gether flat and altogether rounded-end similar jsianner, a mean of 3*736 was 

pillars : the strength of the latter being obtained. 

1, these gave 2; while the flat ends, as (36.) Strength as dependent on 

we have seen, afforded 3 ; their strength length. — By a similar proceeding to that 

is therefore an arithmetical mean between mentioned in tlie last article, the lengths 

the flat and rounded-end pillars. and breaking weights were compared. 

There are general properties, which and a mean value of 1 '7 was found ; the 

Mr. Hodgkinson has stated to be com- highest being 1*916 and the lowest 

mon to wrought iron, steel, and wood. 1*424. The former approaches very 

(34.) It appeared from the experi- closely to Euler's calculated rule, where 

ments that long pillars break first near the square of the length is given, and, 

to or at the middle ; this occurred in all as Mr. Hod^nson remarks, would be 

cases, evincing that they were weakest the power to which the experimentally- 

in that part. Pillars were therefore deduced index would approximate if the 

tried, having a middle diameter of body were incompressible, 

from IJ to 2 inches, the ends being (37.) Strength of long pillars from 

1 inch ; the strength was not in- the preceding results. — The amounts 

creased according to the increase of obtained from the tables No. I. and II. 

middle diameter, but appeared to be furnished all that is requisite to obtain 

11 a formula for the strength of cast-iron 

6^ '° 8^' ^' one-seventh piUars ; according to the last article it 

• u.u .1 J- J * u appears that the strength was as the 1*7 

to one-eighth; they did not however, , ^f ^y,^ length, and increased as 

fracture m the middle, as did those of ^he 3*76 power ofthe diameter, that is. 

"^?5.) irnS-as dependent on the ^° ^ ''^^^^ '^^ -"P^^^- ^^-S^h 

diameter.— By cormparison of the break- ^f t^e pillars tried was as —, rfex- 

ing weights of pillars 60f mches long, /i'7 

Md -5 and 1-765 inch m diameter. Mr. pressing the diameter and / the length 

Hodgkinson oommen^ the calculaUon ^{ ^^ ^a^^ j^ ^^^^ f ^.| 

t »hi?rtL .tttir^^ wa "^S g*""^' '"'« '^^ experiments were re- 

to which the sttength was found to juced to a unit of measure, thus:— A 

increase; Euler had stated it to be as pi„„ ^ne foot high and one inch in 

the fourth power By the table* we jj^eter will havl a breaking weight 

^!^i ^%T''""!.TA^^ ■T^'* "; W. bearing the same proportion to the 

spectively 143 lbs. and 15.560 lbs., and ^,4,^ ^^i^^ ( j J^ ^ other^ 

tte two diameters are to each other as pm,,, ^ their respective diameters !^ 

lj765^3;53 ^ ^ i ^^ 3.53 ^^^^ lengths have one to another. Therefore 

•5 1 ' r J,.,, j,.;j 

portion, then, furnished the index or /i-? * "Jw" * ' ""i • *"• 

power required — 

1" : 3'58'' :: 143 : 15560, ' ~ 



15560 + And the formula become* 

log. 



or 3'53° = '■ , which is best resolved 15560 

ATT** 1<U» 
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♦ See Appendix. . ^ ^ Y-ofrV^ "= ^'^^ 
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•"i ^**' /• -11 .1 J J = 44'16 t(ms for pillars with flat ends : 

^' "' "= -rfTTiP ^°' P^"*« ^»'^ "^^""^^ an error of not more than about 

one-eighth was the greatest which 
ends. This value «r, or particular co- appeared when the formula was corn- 
efficient, can thus i>e obtained from each pared with the experiments. CoUect- 
experiment, smce the odier quantities ing these amounts, since the breaking 
ere all given in the tMes, From such weight expresses iQso the ultimate 
a procedure Mr. Hod^inson found a strength, we have these formula for 
mean value of t^; =33,879 lbs. t=14*»0I general appUcation, S standing for the 
tons, for rounded pillars, and 98, 922 lbs. strength in tons : — 

^8.76 

Pillars with rounded ends • S = 14*9 x —rx . 



Pillars with flat ends . 

(3S.) Hollow pillars of cast iroa. — A 
number of experiments were made on 
hollow cylindrical pillars, during which 
Mr. Hodgkinson noticed the highly- 
interesting ^ict that although the pillars 
were generally thicker on one side tlian 
the other, yet in bending the compressed 

Hollow pillars with rounded ends . . 



S = 44-16 X 



7^' 



was always the thinner side, and as cast 
iron resists compression with above six 
times the force with which it sustains 
tension, no danger resulted from this 
almost unavoidable difference of thick- 
ness. He obtained for hollow cylinders 
the following formula : — 



S=13-0x 



Hollow pillars with flat ends and fixed by discs . S = 44*3 x 



rf8.76 _ d 3-78 

d 3.56 d 3'65 



(39.) Strength of pillars are as their as the square. If, therefore, the latter 
area. — The conclusions of Mr. Hodg- be taken, it will not, on the whole, be 
kinson were, that had the material been far away from the truth in either case, 
incompressible the formula of Euler, and shows that the strength of similar 

^4 pillars increases as the square of their 

that pillars vary as — , or as the fourth diameter ; and, as the area is as the 

' square of the diameter, we learn that 

power of their diameter, and inversely the strength increases as the area of the 
as the square of their length, would pillar. 

have been attained by the present frac- (40.) Short pillars. — Mr. Hodgkinson 
tional powers; as there is but a small found, as the tables will show, that 
difference between them. For similar when the length was decreased to below 
pillars, where the length is in a constant 30 times the diameter in pillars with 
ratio to the diameter, we may call the flat ends, or 15 times the diameter in 
length n times d, n always representing pillars with rounded ends, the above 
a constant number; then the proportion formulae do not apply: when the length 
of strength according to the results is equal to 20 diameters, the value of w 
obtained for the round and flat-end becomes 77817. Mr. Hodgkinson was 
pillars, and the theoretically-deduced led to the following reasoning in order 
" ' ' to obtain an approximate rule for the 

^4 strength of these pillars : — 

j; " Considering the pillar as having 

two functions* one to support and the 
other to resist flexure, it follows that 
when the material is incompressible 
(supposing such to exist), or when the 
pressure necessary to break the pillar is 
very small, on account of the greatness 



£^3.65 



n 



1.7 



formula is — 

and dividing by rf, we have 

^2.06 rfl.85 



n 



ur 



n^Xd- 



The first quantity exhibits the strength 

of round-end pillars as varying according of its length compared with its lateral 

to a power of their diameter rather dimensions, then the strength of the 

greater than the square; the second whole transverse section of the pillar 

quantitv somewhat less than the square ; will be employed in resisting flexure ; 

while the theoretically-deduced value is when the breaJdtk^^i^^^^Na^ Sa^ ^si!«.>ccSJ&. 
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Rounded endi. 
1-954 
1-919 



Flat ends. 
2-22 



Mean. 
2-03 



of what would be required to crush the (41.) Wrought iron piDan.— Gene- 
material, one-half only of the strength rally the results of Mr. Hodgiunson's 
may be considered as available for re- experiments on wrought-iron pillars are 
sistance to flexure, whilst the other half similar to those on the cast iron, the 
is employed to resist crushing; and powers of the length and diameter 
when, through the shortness of the slightly differing; from trials on pillars 
pillar, the breaking pressure is so great from 7 feet 6^ inches to 2 feet 6^ inches 
as to be nearly equal to the crushing long, the following powers of the length 
force, we may consider that no part of were deduced: — 
the strength of the pillar is applied to 
resist flexure." * 

Thus he assumed that the real break- 
ing weight would be equal to the 
b^-paking weight as obtained from arts. 

87 and 86, multiplied by the force requi- mt , ^, . ^, r • i 

site to crush it without flexure; Ind The strength varies, therefore, inversely, 

divided by the same two quantities added «? ^he square of the length. For the 

together, minus the pressure which it diameter a power of 3-75 was obtained 

would support as flexible, without being ^r pillars with rounded ends, which is 

weakened by crushingf. By using this ? l>"le less than the quantity deduced 

method of calculation Mr. Hodgkinson ^oni cast-iron piUars. Moreover, the 

met with differences from the true jalue of «; (see art. 37) was found to be 

breaking weight (as shown by the expe- ]P^ 2^''°'^'!°^ .,P "Lnt'fi^u *" rS! 

** * •' '^ for flat.end pillars 299,617 lbs. The 

riment8> varying from 1 to 1. strength S of any pillar may therefore 

■^ ® 42 7-3 be thus calculated:— 



rf»-7» 



Pillars with round ends . . S = 44*00 X 



Pillars with flat ends . . . S sac 130-00 x ,„ . 




These formulae give the strength in 
tons, the length being taken in feet, and 
the diameter in inches. 

(42.) Pillars of timber.— These pil- 
lars brought the formula of Euler 
remarkably near to the truth, several 
trials giving for the power of the dia- 
meter according to which the strength 
increases, as 3-9; it may, therefore, be 
safely taken as the fourth power. Mr. 



Hodgkinson did not try for the power 
of the length, but found the square suit 
the experiment better than any other; 
thus the strength of pillars of wood 

varies as jj. For oak and deal the 

same experimenter has given the follow- 
ing formulae to find the breaking weight 
or strength S : — 



Dantzig oak 



S = 24542 X 



d* 

Red deal S= 17511 x^\ 

(43.) Pillars of stone — Small columns when the height was greater than 12 
an inch to 1| inch square, and from 1 times the side of the base. 'J he follow- 
to 40 inches long, gave results in some ing proportion expresses this variation 
respects analogous to the above : a where the length is from 12 times to 
great falling off in strength occurred 40 times the side of the base : — 



* Fhiloaophical Transactions, 1840, p. 404. 

f The formula thus found for calculating the strength was 



he 






h expressing the 



breaking weight of long pillars, and e the cnuhiog force of the iron. 
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i^sagfh. Strength. bearing weights due to the smallest part 

12 times 138 of their section, though the larger end 

15 „ little less, might serve to prevent lateral thrust. 

24 »f ®^ This last remark applies too to the 

30 „ 75 Egyptian columns, tne strength of the 

40 ,, ^^ . column being only that of the smallest 

Mr. Hodgkinson found that with pillars part of the section."* 

shorter than 30 times the thickness, (44.) Relative strength of pillars of 

fracture occurred by one of the ends different materials The experiments 

failing, and as the longer columns de- on long pillars furnished the following 

fleeted more than the shorter, they pre- proportional strength of pillars with 

sented less of the base to resist the rounded ends (except those of red 

pressure, and therefore more readily deal): 

gave way: thus the practical view from g^^^j ^^^ 251 8 

these experiments points out an increase iron,' cast ! ! *. ! 1000 

of area at the ends as bemgmost eco- wrought 1745 

nomical, and that in proportion to the ^ , Danitfiir * ' lOft-ft 

middle as 13,766 to 9595 nearly. g^J ^^^^'^ * ; * ^"^.^ 

•* From the experiments it would ' 

appear that the Grecian columns, which (45.) Effect of long-continued pres- 

seldom had their length more than about sure on pillars Several pillars of cast 

ten times the diameter, were nearly of iron, 6 feet long and 1 inch in diameter, 

the form capable of bearing the greatest were subjected to a constant weight for 

weight when their shafts were uniform ; a long period, with the following re- 

and that columns, tapering from the suits: — 
bottom to the top, were only capable of 

Exp. Weight. Time borne. Deflexion. 

1 4 cwt. 3 years. '01 inch. 

2 7 „ 3 „ -025 „ 

3 10 „ 3 „ '409 „ increasing. 

4 13 „ above 5 months. broke. 

The last experiment was made with In the Appendix are given several 

•97^, i. ., , 1 . . 1 . , tables of the experibaents on long and 

— ths of the breaking weight, and, short pillars. 

with the preceding, show that the time 

occupied in the experiments did not • British Assoc, for the Advancement of 

affect the truth of the results given in Science^ 15th Report, 1845, p. 27. 
the preceding pages. 
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indicating that they suffer compfesaon; 

Ch4PTea IV. — TaANBYB&sB Staadt. — but since there are two opponte strains 

Tke Neutral AxU. — Lengthy depth, in the same beam, it is evident there will 

and breadth relalions i» a beam. — be a some line or point, a, in the depth 

Bules for oalcuUting- the strength of ic»- 1 1 o 

beams Equated beams.-— Deflection : ^^' ^^®- 

Us laws; defective etastidty, — Appli* H|W 

cations of the principle of a neutral a/^ ^ 

ojcis. — Transverse strength of Wood, 
Iron, and Stone. 

The principles which govern a beam which is labouring under neither the 

horizontally laid, supported at each end, one nor the other: the tension, which is 

and pressed down by a superincumbent greatest at the convex edge, will decrease 

weight, are of most extensive application towards that point, and compressioa 

and value; girders, joists, tie-beams, begin ; this the experiment with the stick 

rafters, the main parts or sustaining ele- will, if carefully executed, point out. It 

ments of flat bridges and roofs, with cannot escape notice that the bulging 

many other specific works, are arranged part forms a wedge, or cone in bas-relief 

and regulated by the laws of transverse the point or apex being nearest the 

strain. extended side, while the base or wide 

(46.) Galileo supposed that if a beam and most bulging part is at the concave 
were fixed at one end in a wall, and edge of the fractured stick. A like 
weighted at the other, the mechanical movement was observed by Mr. Hoc^- 
action of the fibres was so ordered, that kinson, in breaking cast-iron beams : a 
the lower edge of the beam at any sec- wedge of a peculiar shape, its sides not 
tion is the fulcrum, or point of*^ rest, being two straight lines, but curves, 
while every line of fibres above it to the somewhat of the figure "^^-.^-^ , broke 
upper side is strained by the force, and out and exposed at the apex the place 
resisted with equal power; thus, afrac- of rest; the wedges were from two to 
ture would commence at the upper side, four times as deep, and proportionally 
and proceed downwards to the lower, longer as the depth of beam increased. 
The simplicity of the theory is pleasing. In such a fracture, the point where the 
but its comparison with nature shows cone begins is the fulcrum, which, if the 
radical defects. He supposed the ma- material were incompressible, would have 
terial to be inflexible, inelastic, and in- been the upper or concave edge, as 
compressible, which is incorrect, as a Galileo supposed; and about this line 
simple experiment of fracture proves a or fulcrum the halves of the stick turn; 
beam of any substance to be both elastic it is, therefore, very properly called the 
and compressible. The idea that every neutral axis, because it does no work, 
fibre exerts a tensile force is equally in- but passively stands between the tear- 
correct. Mariotti experimentally found ing and crushing parts on either side. 
its inaccuracy, and Liebnitz gave a fresh A proposition was made some time 
theory, founded still upon some of the since, to observe the position of the 
old errors ; but James Bernouilli after- neutral axis in a beam, by means of 
wards studied this kind of strain, and polarized %ht*; it would detect it on 
noticed that when a beam broke a part this principle ; — when a ray of light 
of the fibres were stretched and a part which has been polarized by reflection 
compressed. This has been the founda- from a mirror at an angle of 54°, passes 
tion of modern improvement in the cal- through a transparent substance whose 
culation of transverse strength. particles are naturally or- artificially in a 

(47.) The Neutral Axis — If we sup- state of irregular tension or compression, 

pose a beam to be supported at each ex- it will, on reflection from another mirror 

tremity, and pressed by the weight W (or analyzing plate), present a variety of 

(fig. 118), it will be deflected, and the colours, lovely as the rainbow; but when 

lower fibres extended, while the upper the internal molecular forces are in equi- 

fibres are pushed together : these effects librium, no such decomposition of the 
are distinctly shown in breaking by the 
hand a small stick of wood, as the fibres 

give way on the convex side, and those * Inst. Civil Eng., Minutes of Proceedings, 

on the inner or concave side bulge out, vol iii p. 248. 
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my is effected. This beautiful prin- Hamel's expenraent. Mr. Hodgkinsoiiy 

ciple is thus applied : — if a bar of glass, in experimenting on cast-iron beams, 

well annealed, be placed in the line of found the neutral line in sudden frac- 

the polariated r«iy» no colours appear; tures from one-fifth to one-sixth of the 

but if it be pressed by a force, as in the depth; cast-iron, however, might ao- 

preceding i^ure, it will instantly inter- terioriy be supposed to present a hig^ 

fere with the different colours, and so neutral axis, since its compression 

exhibit a succes^on of prismatic tints strength is so great, 
which vanish at the line where there is Since the position of the neutral line 

no unnatural force on the molecules: is so uncertain, experioaeDtal evidence 

this line is of course the neutral axis, must be sought, which may correct 

which, being so discovered, may be mea- theory, and with it establish rules for 

sured as to its distance from the edges, practical utility. From calculation the 

Unfortunately, transparent, and therefore following laws are deduced, which apply 

the least useful materials, are alone treat- to all cases of transverse pressure. The 

able by this method, which is one of strength of beams in general is — 
striking philosophical elegance. Directly as the breadth, 

(48.) The posiuon of this neutral axis Directly as the square of the depth, 

has been the theme of many mathe- inversely as the length ; 

matical discussions, because, if found, i • ^u .. ° .1 •. . 

it would prove the establishment of ?";, P'^^^^S ^*^^ '^^^^« together, it is as 

theory; but the great difficulty is, our '^"O^s =— 
want of knowledge of the ratio of com- breadth x depth* 

pressibiiity and extensibility in any sub- length ^^' 

stance: were the compression equal to 

the extension, the neutral line would be This gives merely a general relation 

in the centre of gravity of the beam, of strength in any beam whatever to its 

but experiments do not allow of such dimensions, but is no direct rule for 

equality ; moreover every substance has application, since equal beams of all 

its peculiar ratio. Du Hamel cut beams materials do not break by the applica- 

one-third, one-half, and two-thirds tion of an equal load : if the ratio of 

through, and found the weights borne compressibility to extensibility were 

to be — by the uncut beam 45 lbs. ; and known for all materials, the element 

by those cut, 51 lbs., 48 lbs., and 42 lbs. required in the above fracture might 

respectively, which would indicate that be supplied; in the absence of this 

less than half the fibres were engaged in knowledge, a certain supposed quantity 

resisting extension, although it does not must be used to express the specific 

prove that two-thirds of the thickness strength of any material — a quantity 

contributed nothing to the strength, as which can be obtained only by experi- 

Dr. Robison imagines. Barlow found ment on the material; if we name this 

that in a rectangular fir beam the neu- unknown and sought specific strength 

tral axis was about five-eighths of the by S, and multiply it by the above 

depth, as shown by the section of frac- quantities, we shall have the breaking 

ture; this is quite accordant with Du weight of the beam, that is, 

breadth x depttf x S ^ ^^^. ^^.^^^ ^2^ 

length 

With such a rule for calculation, all stant, since it comes out equal, or nearly 
experiments can be reduced to give that so, in amount, in every experiment on 
value to S which expresses the dis- the same sort of material. To obtain 
tinctive strength-measure of every ma- such a constant for woods, irons, and 
terial tried; for, as in an experiment stones, have the labours of dififerent 
the breaking weight is found by obser- experimentalists been directed, and their 
vation, and the dimensions of tne beam results will be subsequently stated in 
are all known, a simple transposition of this chapter. The above simple view 
the quantities immediately evolves the of the measurement of strength in trans- 
value of S thus : — verse strains, appears to be generally 

lenffth ^ breakine weight accordant with experience : the length 

lengtii X breaMg weigiit_ g ^ ^^^ ^^ ^ ^^^ appears to have somewhat 

breadth X depth more influence on the strength than 

This S may therefore be called a con- theory allows, as slmllat U^^tsss^ ^vsl^ 
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rather more than twice as strong when 
of half the lei^h; and the strength 
does not increase quite so rapidly as the 
square of the depth. To test this de- 
duction, Mr. Hodgkinson took specimens 
of two kinds of iron^ the bars being one 



1. With Carron iron, No. 2, hot 

2. Ditto, ditto, cold 
8. With Devon iron, No. 3, hot 
4. Ditto, ditto, cold 



inch broad, 4 feet Ion|^ between the 
supports, and 1, 3, and 5 inches deep; 
the breaking weights were then divided 
by the squares of the depths, to reduce 
them to the standard of the one-inch 
baf, with the following results* : — 

Breaking weights. 

1 inch 2 inches 5 inches 

deep. deep. deep. 

lbs. lbs. Ibi. 

blast 452 427 402 

blast 453 417 414 

bl^st 537 576 617 

blAst 448 377 405 



Mean 472 



449 



459 



It will be observed, that the mean 
gives a greater value to the first, or 
inch-bar, thnn to the three-inch bar, 
while the five-inch bar, though less 
than the first, has a greater value than 
the second ; this, however, is accounted 
for by the high amount aflTorded by ex- 
periment 3, on the hot blast Devon 
iron, which altogether is very anomalous 
in respect to the other specimens : 
omitting this, the means are— -451, 407, 
407; and experiments 1 and 2 exhibit 
a regular decrease of value, which ac- 
cords with a later experiment by the 



sUme experimenter, in which he found 
iron bars, I inch, 2 inches, and 3 inches 
deep respectively, afford values of 447, 
349, and 338t. 

Again, the above general rule is some- 
what affected by the condition of the 
ends of a beam; if it be merely lying 
loosely on its supports, as is now sup- 
posed, its ratio of strength to a similar 
beam ficed at each end will be as 2 
to 3. The foUowing little table, from 
experiments by Lieut. Denison, shows 
the ratio to be nearly if not quite as I 
to 2: — 



Name of 


Value of 


Value of 


Pro- 


wood. 


ends fixed. 


ends loose. 


portion. 


Black ash 


2176 


861 


2-5 :1 


Birch 


2652 


1387 


1-9 ;1 


Beech 


2684 


1880 


20 :1 


B>ock elm 


3835 


2811 


1-66 : 1 


White oak 


3652 


1809 


2-0 :1 


Iron wood 


8172 


1800 


1-76 : 1 


Bitter nut ) 
Hiccory 


24T8 


1465 


1-7 :1 



The weight or load in the last figure 
is supposed to be collected at the mid- 
dle of the length, but where the same 
load is distributed over the length of 
the beam, it tends to break it with 
half the force of the central load; thus, 
a girder can support twice as much 
evenly spread over its length as when 
applied at the middle. 

(49.) Another very useful formula 'is 
founded on two laws experimentally 



demonstrated by Mr. Hodgkinson, in his 
researches on the strongest form of cast- 
iron girder: one of them is, that the 
strength is as the area of the bottom 
flange of a girder, or the extended part; 
and the other is, that the strength is 
also as the depth of the girder; then, 
with the addition of a constant, c, hav- 
ing a signification similar to that of S, 
a simple formula for estimating the 
breaking weight is compiled : 



Breaking weight = 



area of section x depth x c 
length 



(4). 



This formula, when a value of c is is only applicable to a beam or girder of 
found by experiment on any material, a similar sectional form to that from 

• Brit. Ass., 7th Report, p. 865. 

f Bailway Structures, Commissioners' Report App. A., p. 111. 
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which the Talue of c was derived, since fracture by a tensile or crushing force, 

this constant expresses the specific and the depth n of this area in the 

strength of that form of section. beam, or the depth of the neutral axis 

(50.) A third formula for estimating and the power with which fibres re- 

the strength of beams rests on the sist the strain; the latter of course 

knowled^ of the resistance (which we cannot be calculated except from a pre- 

will call K) offered by any material, to vious experiment : the rule is, thererore, 

Breaking weight = R X breadth X depth^ ^^^ 

n X length 

Here n can be readily obtained from economy of the material in sustaining 
experiments ; were the extension and loads differently arranged, or their man- 
compression of the material equal by ner of fixture or rest. Calculation 
the action of equal forces, the neutral affords the following forms of beams, as 
line would be in the middle, as already able to do the most work with the least 
stated, and n would be equal to 6. expenditure of substance : — 
According to Galileo's theory, that the ^ j j 
fibres or particles are incompressible, we ^^^^^ supported at one end. 
have n=:3, and if the power of the 1. If the load be terminal and the 
fibres be considered the same for all depth constant, the figure of the beam 
extensions, still allowing incompressi- in breadth should be wedge-form, the 
bility, n would be equal to 2. For cast- breadth increasing as the length of the 
iron, as will be observed further on, the beam (the latter being measured from 
value of n has been found to be between the loaded end), 
the two latter amounts, or 2*63. If the breadth be constant, the square 

(51.) In practice, the whole strength of the depth must vary as the length, or 

of any beam found from formula 2 can the vertical section will be a parabola, 
never be used, since it is the pressure When both breadth and depth vary, 

at which the beam gives way: one-third the section should present a cubical 

of the breaking weight is commonly parabola. 

taken as a safe limit, although this 2. When a beam supports only its 

should not be applied in all cases, for own weight it should be a double para- 

with some materials, such as wrought- bola, that is, the upper as well as the 

iron, more than one-third can be safely lower surface should be of a parabolic 

allowed, as the material does not sud- form, the depth being as the square of 

denly give way in breaking, from its the length. 

extensile capability; whereas, cast-iron 3. When a beam is loaded evenly 

beams are less able to bear much of along its surface, the upper surface 

their breaking weight, on account of the being horizontal, the lower should be 

dangerous suddenness of fracture, and a straight line meeting the upper surface 

its inability to sustain tensile strain with at the outer end, and forming a triangular 

safety. The work for which a beam is vertical section; the depth at the point 

intended should also guide in this esti- of support being determined by the 

mation; if the load be a dead weight the length of the beam and the load to be 

girder may be loaded with much more, sustained. 

and that safely, as the article on cast- If an additional terminal load be 

iron beams will show, than if the load added to such a beam, the under surface 

be variable or moveable. It is a prac- should be of an hyperbolic curvature; 

tice to try cast-iron girders by the hydro- and in a flanged beam the lower flange 

static press, or other means, after their should describe a parabolic curve, as in 

dimensions have been estimated accord- the last figure, 
ing to the rule; this proves them with a 

pressure far greater than they are likely to Beams supported at both ends, 

meet in their permanent beds, and ought 1. A beam loaded at any point, as A 

never to be omitted in any case with (fig. 119), should have a parabolic verti- 

cast-iron beams, since they are liable cal section a A, Ab, each way from the 

to be less strong than calculated, from loaded point. Such, therefore, should 

irregularity in the casting and cooling. be the form of scale-beams, steam- 

(52.) We have been hitherto speak- engine beams, and all straight levers. 

iDg of beams, without reference to the In flanged beams the lines A a, A 6, 
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Fig. 119. 




be nearly straight, and approach the 
straight line more as the flanges are 
thinner. 

2. A beam loaded uniformly along the 
whole of its length, should have an 
elliptic outline for the up()er surface 
aA&, the lower being straignt; this form 
applies to girders used for bridges and 
other purposes where the load may be 
spread. With thin flanges, a beam so 
circumstanced should be of a parabolic 
figure. 

3. If a flanged beam have its upper 
and lower sides level, and be loaded 
uniformly from end to end, the sides of 
the lower flange should have a parabolic 
curvature. 

Deflection, — The phenomena of de- 
flection are more intricate than those of 
rupture, and there is even more dis- 
agreement amongst theoretical opinions 
and practical results than on fi'acture. 
A few general laws, which have been 
calculated and are sustained more or 
less by natural evidence, will, however, 
be useful. 

(53.) Within moderate pressures the 
deflection of a beam is as the weight, or 
twice the weight will produce twice as 
much deflection; this, however, is not 
the case when a load is so great as to 
produce much set among the fibres, that 
IS to say, to make them move into another 
relative position, and when the weight 
is removed be unable to recover nearly 
their original order : this set becomes 
evident with the most trifling weights, 
although the ratio of deflection to the 
weight remains the same much longer 
in some materials than others, as the 
sections on cast and wrought iron will 
evidence. The dimensions of the beam 
thus affect its deflection : — It is 

Directly as the cube of the length. 

Inversely as the cube of the depth. 

Inversely as the breadth. 
With the above ratios we learn the de- 
flection of a loaded beam in any case 
will be equal to the 

load X length' 

breadth x depth*' 

TBis applies to beams which are simply 
reatJDg on their ends; when these are 



firmly fixed, there will be but one-^lk o£ 
the deflection ariung in the rormer 
condition. 

(54.) A more general rule has been 
given for the estimation of deflectioot 
but not more simple in its terms, 
although it dispenses with knowkdge of 
the breadth and depth of a beam; it is — 

load X length ^^^^.^^ 

48 X € X I 

tf signifying the modulus of elastici^ of 
the substance (see art. 5.), and I the 
moment of inertia of the section of rup- 
ture, or of the beam, if it be of the same 
proportions throughout : this latter quan- 
tity is not easily obtained for any form 
of body, but as beams and girders are 
generally symmetrical, and tM moment 
of inertia of symmetrical bodies is 
known, it is in some cases suflldentiy 
practical (see pp. 27 and 42, Dynamics). 
The following are the moments of in- 
ertia of four forms of section, h standing 
for breadth, d for depth, and r for radios 
or semidiameter : — 

A beam with a rectangular section, 

I = ix6xrf». 

A beam with a triangular section, 

l = ^x*xrfx(i*«-hjd«). 

A beam with a circular section, 

I = Jr<x 31416. 

A beam hollow, of a circular section, 

I = iX 3*1416 X (H — ^<). 

In the latter case, the radios marked , 
means the inner, or hdius of the 
hollow part» 

{^^ It appears on a comparison of 
the formula when applied to similar 
beams, that the deflection is as the 
length*, but a greater deflection should 



* That is, if 2 inches be the deflection of 
beam of I ieet long, another similar beam 
\ feet long will he deflected \ inches, or, 

Z : J : : ?i : ?, ; 

this latter amount is, therefore. 

This was almost physically demonstrated 
by Mr. Fairbaim, in tiie comparison of Ui 
experiment on the model tube with that on 
the permanent Conway tnbe, the feraier 
being only onesnxth the size of the kttsr. 
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b« allowed for in practice than this strength has been lost, as tne same 
deduction supposes. experimenter found that cast-iron beams 

In cylindrical forms, the breadth bore two-thirds, and even more of their 
b^ng equal to the depth, we may say the breaking weight for long periods, without 
^fl^ss increases as the fourth power any indication of failing (see subsequent 
of the diameter. This fact points out section on cast- iron). Mr. Hodgkinson 
the advantage of hollow over solid found the set in cast-iron beams to be 
cylindrical beams, the same amount o£ as the square of the load, 
material being made not only to afford ,. . , ,,^. ^ 

more final strength, but very much more ^"^^^^ ^'^ ^^''^« ^» -^^«w- 

stiffness, which generally is a more de* These are subjects of especial interest 
sirable feature in girders. in practice, as the estimation of real 

A beam suffers much less deflection working strength and safety in beams, 
throi^h a load spread over its length joists, girders, railway rails, and othor 
than nova, a centrally accumulated pres- parts of structures mechanically similar, 
sure, as is supposed in the above rules, involve the effects of sudden concussions 
the deflection in such a case being cal- which are very likely to occur, and of 
cnlated at five-eighths of the beam rapidly-moving weights which in railway 
loaded at its middle. bridges always occur, and which are so 

(56.) Beams have been said to bear different from the effects of statical pres- 
considerable deflection without any in- smre, such as is applied to determine 
jury to the elasticity of the material, the strength of the material. A mass 
and rules have been given founded on of most interesting information on these 
this hypothesis, for the safe permanent inquiries has been collected by a na- 
loading of beams; Buffbn and Tredgold tional commission on railway structures, 
considered the elasticity to remain per- which, though not so conclusive in the 
feet untilone-tbird of the breaking weight establishment of laws as could be de- 
is laid on; but later experiments have sired, owing to the great difficulty of 
proved this idea to be fallacious. Mr. some parts of the inquiry, gives nume- 
Hodgkinson has practically shown that rous valuable facts, 
a very small weight injures the elasticity (57.) Mr. Hodg^nson, from experi- 
of material; he took an iron T shaped ments on iron bars, deduced several 
beam, and obtained the following re- facts of an interesting nature, which are 
suits : — as follow : — 

1. That cast-iron beams on being 
struck by heavy masses, or balls of 
metal of different kinds, were deflected 
through the same distance, whatever 
metal was used, provided that the 
weights of the masses were equal. 

2. That the impinging masses re- 
bounded after the stroke Uirough the 
same distances, whatever was the kind 
of metal of which they were composed, 
provided the weights were equal. 

While we may here notice, that for a 3. That the effect of the masses of 

considerable amount of pressure the different metals striking an iron beam, 

deflections increased as the load, the were entirely independent of their elas- 

third column sufficiently shows the early ticlties, and were the same as they 

injury of the elastic power of the ma- would give if the unpinging masses were 

terial, since 7 lbs., or I-52nd part of the inelastic*. 

breaking weight, caused a visible set in (58.) The same experimenter, in ga- 

the beam. A similar beam placed with tliering an AppendhL for the Commis- 

the flange downwards thus i, wTiile it sioners' Report on Railway Structures, 

bore much greater weight, took a visible adopted the mode of trial of allowing 

set with I-80th of its breaking weight, cast-iron balls, from 75ilbs. to 603 lbs. 

The supposed limit of elasticity, there- weight, to fall suddenly from various 

fore, cannot guide us in laying down a heights on the bars to be tried ; or the 

rule for a permanent load, since there is 

no such limit; and, moreover, by as- * British Association for the Advaxicement 

suming this as a limit, much available of Sdeoc^ 6th Keport, 1886, ^^^ lA'l. 



Weight 
lbs. 

7 


Deflection, 
in. 

•015 


Deflection, 
load removed. 

. ^^ 
visible. 


14 


•032 


•001 


21 


•046 


•002 


28 


•064 


•004 


56 


•130 


•005 


112 


•273 


•020 


224 


•618 


•058 


336 


l^OSO 


•130 


364 


!• 13a broke. 
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balls were suspended like a pendulum, 747. These numbers are certainly va- 

and falling through way given arc, ac- riousy and show that the greater depth 

cording to the velocity required, gave has somewhat more strength, while other 

the bar an horizontal blow when at the experiments brought the results more 

lowest point in its oscillation. nearly equal; but the deflection arising 

The deflection of bars from impact from equal impacts is greater in the beam 

was not found to be less whether the of lesser depth. From a like principle, a 

greater or less thickness of a bar was cast-iron bar evenly loaded with extra 

placed in the direction of the blow ; the weights, which in an ordinary trial would 

mass of the bar only, no matter whether have the effect of reducing its available 

disposed in breadth or depth, affected power, was found capable of more 

the deflection. Thus, a cast-iron bar powerfully resisting impact, even to 

6 inches thick and 1^ inch wide, by twice as much as the simple bar. 
13j^ feet long, was placed so that the The manufacture of the iron by hot 

broader side was parallel with the di- or cold blast, seems to have some, 

rection of impact, and struck by a though an uncertain effect, on its power 

ball 603 lbs. weight ; when the work to resist impact : Mr. Fairbairn gives the 

done by the ball was 766 (that is, the following table ^ of different irons, in 

weight of the ball multiplied by the which the power of cold blast is ts^en 

height it fell) it broke. Again, a similar at 1000, and that of hot blast given in 

bar was placed so that its narrow side ratio ; while several irons appear to be 

was in the direction of impact, and it less strong when hot blast made, others 

broke when the work done by the ball are stronger, and the Devon iron, hot 

was 728. Similarly, a bar three inches blast, which generally is much improved 

square, which was of course equal to by the hot blast, is above 2| times as 

the other in area, was broken when the strong as the same kind smelted with 

working force of the ball attained to a cold blast. 



owerof 




Power <rf 


Id blast. 




hot blast. 


1000 




1005-1 


1000 




2785-6 


1000 




962-1 


1000 




1234 


1000 




925 


1000 




875 


1000 




1201 


1000 




823 



Carron iron, No. 2 . . 
Devon iron. No. 3 . . 
Buttery iron, No. I 
Coed Talon iron, No. 2 
Coed Talon iron. No. 3 
Elsicar and Milton iron 
Carron iron. No. 3 
Muirkirk iron. No. 1 . 

(59.) Beams of wrought-iron are de- been investigated both mathematically 

fleeted nearly in proportion to the velo- and experimentally, though there is 

city of the striking weight, but with great difficulty in treating the subject by 

cast-iron the proportion is greater, the former method, since the curve 

doubtless arising from the inferior elastic given to any beam through the rapid 

resistance of the latter. passage of a four or six-wheeled carriage 

(60.) The results of trial on the effect is different to that arising from the 

of long-continued impacts, or concus- passage of a load touching in one point 

sions, led to the conclusion that in only : the latter is simple, and suited to 

practice it is scarcely safe to load beams mathematical inquiry, but the former is 

constantly to one-third of their ultimate complex, and multiplies variable quan- 

deflection ; and that they ought not to tities in the calculation ; still much that 

be loaded with more than one-sixth of is useful has been disclosed, and im- 

their breaking weight (as laid on rapidly), portant corrections made in opinions 

A wrought-iron tube 45 feet between popularly held by practical men. A 

supports was found greatly injured in great number of experiments were made 

the riveting, after many impacts from by royal commission, at Portsmouth, by 

a mass weighing 2} tons, or nearly one- Lieut. Galton and Capt. James, who 

half the weight of the tube, although arranged a small railway, curving up at 
the deflection produced by the impacts 

was no more than one-fifth that which ~~ 

would be required in a trial with dead • Brit. Amoc., 7tli Keport, p. 416. 
weights to injure the tube. f Keport of CommiBsionen on Application 

(61.) The effects of running loads has of Iron to Bailway Stractures. App. B. 
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each end to a height of nearly 40 feet, carriage weighing in all 1120 lbs., run- 
by which means the carriage intended ning over bars 9 feet long and 4 inches 
to try the bars was impressed with ye- broad, and lj( inch deep, the deflection 
locities up to 43 feet per second, or caused by this carriage at rest was 
about 30 miles per hour. In the hori- six-tenths of an inch; on giving a ve- 
zontal part of this railway were placed locity to the carriage of ten miles per 
two bars of equal size, carrying pencils, hour, the deflection, as it passed, was 
by which to mark on a vertical board eight-tenths of an inch; and a velocity 
covered with paper, the depth of deflec- of 30 miles an hour increased it to one 
tion when the carriage passed over inch and a half, or above double that 
them. Mr. Willis also experimented in arising from the load when quietly placed 
a similar way at Cambridge, but allowed on the bar. Where 4150 lbs. quietly 
the weight of the carriage to press on a laid on broke the bars, 1778 lbs. effected 
single bar placed in the middle, in one the fracture when passing over them at 
point only : some beautiful operations a rate of 30 miles an hour. Two ex- 
were conducted with these instruments, periments were made on railway girder 
from which it appeared that the effects bridges, to verify these results, so far as 
of a running load was greater than those regards the increase of deflection with 
of the same load when at rest, and on increase of velocity; a pencil was at- 
the middle of the bar; also, that the tached to the flange of a girder, and 
deflection of the bar increased as the marked the depression on a paper fixed 

velocity of motion increased. Thus, in on a scaffold; they were as follows : 

some experiments, with a trial railway 

EwELL Bridge (Epsom and Croydon Railway), 48 feet span. 

Total weight of half the bridge 30 tons. 

Weight of engine (25*2 tons), and tender (13*8 tons) . . 39 tons. 

Velocity in feet 

per second. Deflection. 

-215 

25 -215 

30-9 -230 

32-3 -225 

53-7 -245 

75 -235 

GoDSTONE Bridge (South Eastern Railway), 30 feet span. 

Total weight of half the bridge 25 tons. 

Weight of engine and tender 33 tons. 

Velocity in feet 

per second. Deflection. 

-19 

22 -23 

40 *22 

73 -25 

These deflections are irregular, but extremity : such a bending must greatly 

show a decided increase of deflection strain a bar. The experiments showed 

with a greater speed. Ewell Bridge that fracture generally occurred beyond 

bent one-seventh more when the engine the centre, and sometimes in three, four, 

ran over it at 75 feet per second, or or five places. 

about 51 miles an hour, the deflection (62.) The natural principle of the 

being then equal to that produced by neutral axis is fuU of practical interest 

a quiet pressure of 45 tons. and usefulness : it is the foundation of 

It was found in the experiments, that nearly all the improvements in beams 

the curve assumed by the bar during and girders, and of the most gigantic 

the transit of the carriage, was deepest attempts lately made to apply girder 

near the further end of the bar, showing forms to the support of large bridges, 

that the effects of the running load are As it appears that the upper and lower 

cumulative; but little deflection occurs edges of a beam have to sustain the 

at first, but when three-quarters of the greatest strain, and must break first, the 

length of the bar is travelled over, the whole of the material of the beam would 

wave of force seems to gain its greatest do most work, oi' afford its whole 

power, and rapidly subsides at the other strength, if it could be placed in thr> 

s 
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parts. And again, if the farther the 
fibres are from the neutral Une the more 
they resist deflection from the super- 
incumbent load, it must be inferred that 
the material should be placed as far 
above and below the neutral line as 
other circumstances will allow, in order 
that they may be in a position to ex- 
ercise the greatest power. The most 
simple and immediate application of 
these views is shown in Mr. Lava's 
girder, which, while simple, appears to 
be a very effective contrivance. It is 
a beam cut nearly from end to end, and 
bound at each termination of the longi- 
tudinal cut with an iron strap; blocks, 
or little posts, are then driven in the 
cut, separating the severed pieces to 
several inches distance in the middle of 
the length, and thereby throwing the 
material farther above and below the 
neutral axis. A trial was made with a 
beam 40 feet long, and about 70 square 
inches in section, which deflected 5^ 
inches with a load of 1700 lbs. ; but 
when the upper and lower parts had 
been separated by the process 9^ inches, 
it suflered a bending less than in the 
former condition by nearly three inches. 
To obtain the greatest gain of strength, 
the cut should be made so as to give 
a section to the upper and lower parts, 
proportional to the power of the ma- 
terial to resist tension and compression. 

Arising from the preceding consider- 
ations, we have flanged, open, trussed, 
and tubular or hollow girders. 

The flange beam is particularly ap- 
plicable to iron, which can be cast or 
built up of rolled plates to any figure. 
It is simply an example of throwing the 
whole, or nearly the whole, of the ma- 
terial into the upper and lower edge. 




leaving but a thin plate or rib between 
to keep them at a proper distance 
asunder; this latter portion has little 



or nothing to do with the pressure 
directly, its prindpal function being to 
keep tne two working beams or flanges 
in their place; the rib is, therefore, of 
great moment, although it can afford 
comparatively no resistance to either 
tension or compression, for except it 
were between the flanges no trans- 
mission of the forces could take place 
between them, and if it is injured, the 
beam is in a dangerous condition. A 
bridge at Chester fell some time since, 
while a train was passing over it, in 
consequence, it is said, of the engine 
running off the rails and breaking the 
thin web of one of the girders (see 
^»\S0, Equilibrium of Structures). Pro- 
ceeding on the same ideas, this rib has 
been replaced by simple upright struts, 
or diagonal braces between the i^ftpgeg, 
which in cast-iron girders are one cast- 
ing with the flanges, but experience has. 
proved this not altogether politic, par- 
ticularly in cast iron; Mr. Hodgkinson 
remarked, that such beams were weaker 
than those with a solid rib. These 
improved beams not only gain much 
strength for the structure supported by 
them on account of their advantageous 
form, but also a great deal of available 
or free strength which would otherwise 
have been required to sustain the ma- 
terial here dispensed with between the 
flanges : there is somewhat less strength 
in a flanged beam than in one solid of 
equal depth and breadth, but not at all 
proportionate to the weight of material 
avoided. A further improvement is the 
giving of so much material to the upper 
and lower flanges as may be pointed out 
to be a proper proportion by the ratio of 
strength of tension and compression ex- 
hibited by the material. As iron resists 
fracture about six times more powerAilly 
under compression than under tension, 
it is useless to give as much area of ma- 
terial in the upper or compressed, as in 
the lower or extended flangeof a cast-iron 
beam; attention to this fact has produced 
a cast-iron flanged girder, nearly half as 
strong again as an equal flanged girder, 
with the same amount of substance. 

In generic association with the flanged 
girder, is the trussed girder, thedif- 




ference being, that the rod or band from the body A of the girder, and the 
a be 18 generally of material different rod has its main attachment at the ends 
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a, c; otherwise, the result sought and can ofcrushing force, and vice versA; it is 

gained is the same — ^that of gaining merely adding weight, and consequently 

distance for the working parts from the diminishes the ayfulable strength of the 

neutral axis without extra weight of girder. 

material. The rod takes the principal Tubular beams are perfectly ana- 
part, or all of the tensile force, ac- logons to the flanged and trussed beams 
cording as the beam A is left level, or in their mechani<^ principle, but pos- 
by screwing at the end a, e, made to sess much practical superiority, owine 
camber or cur Tie middle upwards, before to the distribution of the material, 
the load is superposed. This tension Mr. Fairbaim's interesting experimental 
rod is useful in proportion to its distance researches on wrought-iron tubes, 
from the beam (evidently within certain wherein he developed the Conway and 
limits); if it be immediately under, or Britannia tubular bridges, well illustrate 
concealed, as in some cases within the the powers of hollow beams. A brief 
under edge, it becomes nearly useless, contemplation of the tables he com- 
especially if, as in a cast-iron beam piled (see pp. 185-7> Equilibrium of 
with a wrought-iron rod, the beam is Structures^ although direct numerical 
much less extensible than the rod; in comparison is wanting, will convince the 
such a case, the beam would break and judgment that the breaking weights of 
fall before the rod has been brought the tubes are surprisingly great for such 
into action*. The respective size, or thin plate and the little area presented 
sectional area of the tension rod and by some of the tubes. In the first three 
that of the beam should be regulated, as trials on circular tubes, we find plates 
in the flanged beam, by the respective of l-25th, l-27th, and l-9th of an inch 
strength of the materials; it is useless thick, offering to the tensile and com- 
to apply a rod capable of sustaining pressive forces areas of scarcely Ijths, 
double the tensile force that the beam IJths, and 4^ths inches, yet they bore 

weights of 3040 lbs., 2704 lbs., and 

• These remarks are well verified by an 11,440 lbs. respectively. As affording 

experiment made at the instance of Mr. Cubitt, some comparison with the latter, may 

on an eqnal-fianged iron girder 27 feet long, be mentioned an experiment on a 

10 inches deep, and 4 inches broad across the double-flanged wrought-iron beam about 

flanges; two frames were firmly fixed at each two-thirds the length of the tube, and 

end, so that the ends a, c, of the tension-rod nearly 8* inches deep, with an area of 

r^^^r.I'T^ •T^W*^'''l*^* 6ftths laches, which bore 12,955 lbs. 
lower flange of the girder (which some have . ir ^ • *• « ^ u i u ^ 

ridiculonsly practise!); thii height we will ^^^?^ *^'f'»°g «° f ^""^ "««>«ss; but 
call ah; the horizontal portion h of the ten- Dnaking allowance for the extra length 
sion-rod was also kept by struts at different of the tube, which was one-third more 
depths (which we may call ad) below the than that of the girder, the ratio of the 
lower flange of the girder. Without any strength of the two is 20 to 17* while 
trussing the girder deflected 2^ inches witi^ their areas are as 22 to 31^, so that 
a weight of 4 tons, and when the rods one though greater in strength, the tube had 
inch in diameter were added, weights were less surface of material by nearly one- 
placed on in each trial untU the girder de- third, to resist the breaking weight, 
fleeted the same amoimt, namely, 2* mches. similarly, the elliptical and rectangSlar 

tubes anbrd examples of great strength, 
due to the disposition of the material in 
a tubular form. It is calculated that 
the greatest strength is gained with any 
given quantity of material when its 
thickness is three-twentieths of the diap 
meter of the tube ; the strength is then 
„, . , , ^ , , . , . double that of a solid cylinder having 

This table shows that pUicing the ends of jhe same quantity of material, 
the rod above the beam makes it weaker than ^he phvsical student will be pleased 
havmg no rod «* all; and, companng tnals 4 ^ /j^ j gj^uctures abundant 

and 6, where the fastenmg was made at M«^y "-"».."»« ot..«^i.w.«» «m««w«i«. 

10 inches, or at the upper ed^e of the girder, exemplifications of these great pnnciples, 
we see that giving a distance to the rod of ^^ the animal kingdom the exo-skele- 
6^ inches instead of one inch from the bottom tons, or animals with external skeletons, 
flange, gave an increased stiflhess of above such as crabs and insects, have fre- 
1 ton. quently a small total amount of osseor*^ 
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substance, but by the disposal of it in a skeleton increase in diameter, to afford 

hollow form it obtains the greatest the greater stiffness and strength neces- 

amount of leverage over any contrary sary to sustain the greater strain. The 

force when the animal is in motion, and larger endogens, such as palms and 

supplies a stiffness which is necessary bananas, are not less characterised by 

for the well-being of the creature; were this universal principle; the stem, or 

the flesh-inclosing skeleton of many of trunk, as compared with the exogens, 

these animals, especially of the insects, is thin, and never increases in diameter, 

collected into a solid internal frame, a but owine to its development from the 

gentle wave of the fluid they inhabit, or centre, the outer parts become com- 

the slightest attempt to move, would in- pacted, and, therefore, the most power- 

evitably effect the dislocation of their sys- ful in resisting transverse pressures ; in 

tem. Internal, or endo-skeletons, also this sense such a stem may be compared 

afford some illustrations of an analogous to exo-skeleton animals. In the banana 

kind; thus, the long bones in the human the stem is quite a thin cylinder, being 

subject are tubular, the compact osseous made up of the sheaths of the leaves 

matter being thicker at the middle of which surround the bases of the former 

the bone than at the ends, which spread flower-stalk. There is no doubt that 

out to form the joints; and it is worthy if naturalists had observed their sub- 

of observation, that as the bone in- jects closely, or with more generalizing 

creases in diameter by the external views, we might in this portion of 

addition of fresh matter, so the tubular science have developed many points of 

or hollow portion increases, preserving connection between these leading prin- 

of course a proportion to the thickness ciples and the order of nature, alike 

of its bony sheath : this beautiful fact interesting to the physico-theologian and 

has been demonstrated by Duhamel and the student of general science, 
others, who, by fastening a silver ring 

round a growing bone, found it some Wood. 

time afterwards in the medulla or mar- (63.) From the comparative facility 

row which fills the interior. The thick- of experimenting on this kind of strain in 

ness of the bony cylinder appears to be comparison with tension or compression, 

inconstant, and varies with age. In the we are in possession of numerous trials on 

stems of vegetable existences, similar bars and beams of wood. Buffon made 

laws appear to regulate their arrange- an extensive series of experiments, under 

ment; — the grasses are a large order of the patronage of the French government, 

plants whose flowers are borne in some They were on oak, from 20 to 28 feet 

cases at a great height above the soil long, and from 4 to 8 inches square 

by a simple tubular stem, containing a in section ; the heart- wood, which was 

very small amount of material, yet pos- the densest, proved also the strongest, 

sessing great strength, which it owes and the side on which the beam was 

mainly to an external coating of flint, laid also affected the strength : when the 

carried by the plant through its juicy annual layers were horizontal, and the 

vessels and thrown out over the stem, strength 7. the vertically laid layers 

Mechanically considered, such a stem gave a strength of 8; this probably 

loaded by the flower at its extremity, arises from greater attachment between 

and pressed by the aerial currents from the fibres of a layer or annual ring of 

top to bottom, is as a beam, fixed at the trunk than between the several 

one end in a wall, evenly loaded through- layers, as Mr. Barlow supposes. He 

out, with an additional weight at its found that the longer beams exhibited a 

free end. This construction of the stem falling off of strength, which increased 

is more or less shown throughout the in a ratio somewhat greater than their 

vegetable kingdom; in the oak and other length. 

exogenous trees, where the sap moves Mr. Barlow experimented on several 

just within the bark, we find the heart- kinds of timber, observing the deflections 

wood or most solid part taking a more and other behaviour of the beams during 

interior space, while the central parts of the trials ; his results, with those of 

the trunk are filled with medulla, or Messrs. Nelson, Moore, Denison'*^, and 

pith : here the heart- wood is the skele- 

ton, as it forms the support of the whole 

system ; and as the external parts of the * See Papers of the Boyal Engineeri^ voL 

tree extend, so does this tubular endo- v. 
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99 
99 
99 
99 



some Others, are given in the following 
summary, which gives the mean of the 
whole : the numbers given are the 
values of S (see equation 3, art. 50), or 
the specific strength of each wood. 

Specific 
Kind of wood. gravity. 

Ash, English . . . '760 

„ American . . . *626 

Beech, English . . . -696 

„ American white *711 

„ „ red . -776 

Birch, common . . . *7ll 

Cedar of Lebanon . . *330 

Elm, English ... '579 

Hiccory, American . *831 

Oak, EngUsh . . . '829 

African . . . '988: 

American white . '779 

„ red . -962 

Dantzig . . . '720 

„ Memel . . . '727 

Pine, American white . *482 

„ „ red . '676 

Pine, American yellow '508 

„ „ pitch . '740 

„ Dantzig . . • '649 

„ Memel . . . '601 

„ Biga .... *654 

Fir, Spruce .... '503 

„ „ American . *772 

„ Mar Forest . . '698 

Deal, Christiana . . *689 

Larch '505 

„ American (Ta-l.^oo 

marak) j 

Mahogany, Nassau . '668 

Teak '729 

The above table must be considered as 
giving only approximative values of the 
strength of timber ; the great variety of 
circumstances affecting the strength of a 
beam of wood would require the mention 
of every particular, from the state of the 
soil on which it is developed to the 
position in which it is placed on its per- 
manent bed, or the supports on which 
it is broken, in order to arrive at the 
exact values. None seem to have no- 
ticed these things more than M. Buffon, 
whose experiments at once destroy all 
implicit confidence in any trifling experi- 
ment. Speaking of the inferior power 
of a beam when it is laid so that the 
annual layers (of course if it be an 
exogen) are placed horizontally, and its 
superior power when those layers are 
vertical, and the like results when beams 
are cut from branches and trunk, he 
says, " These remarks convince us how 
little we should depend on the calcu- 
lated tables or the formute different 
authors have given foft estimating the 
strength of timber, which thej had 



Value 
of S. 
506 
450 
390 
845 
485 
482 
878 
200 
532 
424 
630 
433 
422 
877 
416 
807 
882 
800 
432 
856 
334 
846 
336 
260 
808 
400 
256 

230 

430 
627 



proved by pieces, of which the largest 
were one or two inches in thickness, 
and of which they give neither the 
number of woody layers that these bars 
contained, nor their position, nor the 
direction in which they are found when 
the piece broke, — circumstances, never- 
theless, essentia), as is shown by my 
experiments, and the care that I have 
taken to discover the effects of all these 
differences. Those who have made 
some experiments on the strength of 
timber, have paid no attention to these 
modif3ring conditions, but there are 
probably others still greater that they 
have neglected to foresee or prevent. 
Young wood is weaker than old; a 
piece taken from the foot of a tree 
sustains more than another from the 
summit of the same tree ; a beam cut 
from the outer parts near the sap is less 
strong than an equal beam from the 
central portions : also, the degree of 
dryness adds much to the strength of 
timber; green wood breaks much more 
difficultly than dry. Lastly, the time 
employed in loading the pieces with 
their breaking weights should also be 
considered; because a rod which will 
sustain a certain weight during several 
minutes, may not support it for an hour, 
and I have found beams which had each 
supported, without breaking, a load of 
9000 during one day, break at the 
end of five or six months with a weight 
of 6000; that is to say, they were 
unable to carry for six months, two- 
thirds of the weight they bore for one 
day. All this proves how imperfect are 
the experiments which have been made 
on this subject, and shows likewise that 
they are not very easily executed." 

Iron. 

(64.) On Cast Iron there is a vast 
accumulation of experimental facts, and 
the knowledge of transverse strain, in 
a practical respect, is considerable. In 
1803 a few experiments were made by 
Mr. Banks on bars one inch square 
and three feet apart; a mean breaking 
weight in three trials was 971 1 lbs.; 
these give for the specific strength S 
2914 lbs., which is much higher than 
later observations allow ; it is, however, 
stated to have been very flexible iron, 
which would afford greater strength. 
In 1814 M. Rondelet published several 
experiments on bars nearly 4 feet long, 
and about one inch square: the gray 
irons afforded a value of S = 1780. 
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and the soft irons S:s2971> the latter forms of beam or girder; to the sup- 
giving a value not much different from posed limit of elasticity ; and to the 
a similar kind of cast iron used by effects of temperature and long-con- 
Mr. Banks. Mr. Tredgold made a num- tinned iMressure on cast-iron beams, 
ber of experiments, but some of his Under this classification we sh^ notice 
results are inconsistent ; he, moreover, their experiments, 
supposed that a bar 34 inches long be- 1. Mr. Fairbaim obtained pieces of 
tween its supports, and one inch square, iron from the principal iron works, and 
would sustain 300 lbs. without injury to cast specimens from a model five feet 
the elastic power of its particles, and Ions and one inch square; others of 
that that part of the bar resisting ten- half the length were also broken, and, 
sion would sustain 15,300 lbs. on the with the larger, fully dev^oped &f cast 
square inch, without injury to its elas- iron the elementary laws stated in the 
ticity*, a result wholly unsustained by preceding paragraphs. They proved 
later and more correct experiments. that the longer beams are weaker than 
The most extensive and valuable re- the shorter in a greater proportion than 
searches on the strength of cast-iron their respective length; that the strength 
beams have been made . by Messrs. does not increase quite so rapidly as the 
Hodgkinson and Fairbaim, who have square of the depth; that the deflection 
supplied this branch of mechanical sci- of a beam is proportional to the force 
ence with ample data for practical ap- or load; and that a set occurs with a 
plication. Their labours have been di- small portion of the breaking weight 
rected to the general strength of irons Fifty-nine irons, hot and cold blast, were 
from different foundries, both hot and subject to experiment, with the following 
cold blast ; to the powers of different extreme and mean results :y^ 

Breaking / Ultimate 
sp. gr. weight. deflection. 

Strongest, Ponkey, No. 3, cold blast . . . . 7122 578 lbs. " 1*74 hard 

Weakest, Plaskynaston, No. 2, hot blast . . 6*916 357 »> 1-36 soft 

Mean value 440 „ 

This mean value affords for the specific strength, 

S = 1980 lbs. t, 
or, if the constant c (in tons), art. 49, be used, we have 

c = '884 tons. 
If the rule given in art 50 be used, it is found, from a comparison of ten spec! 
mens, that n ^ 2*63 * 

we have, therefore, for these different formula the following working values : 

breadth x depth^ x 1980 . , . . , ^ 
— £-— 5= breaking weight. 

area of section x depth x '884 , , . . i . ,. 
1 — . ^ = breaking weight (m tons). 

breadth x depth' x 7 . t- --lx ^j n 

2-63 X length = ^'^'^ '''^' (*'«'•> 

A table embodying the various results A series of experiments were made to 
of Mr. Fairbairn's experiments, will be test the comparative transverse strength 
found in the Appendix. of iron from furnaces supplied with hot 



♦ Tredgold, Essay on the Strength of Cast- No. 8, bars 9 ft. long, 2 in. aqoaie . S » 1682 

Iron, 4th edit No.2,bari4ft. 6in. long, 1 in. sq. S - 2808 

t Mr. Morris Stirling has considerably No. 8, .„ „ 8 » 1996 

strengthened cast iron by adding a portion of -m- a^*^* « • i . 

maU^ble scrap iron, as the followtog values , ^'- ^*^"*«' mma are also stroogir vadir 

of S from foi experimente by Ho^kinson *^""«^ "f^.T^'*^''!- "" ^ ?^^ ^ 

(EaUway Commi...'^ Eep., Appf A.. ^ 82-8, J^Tn^-r^ ^\S'^^*°*' '^J^ *^ ^ 

90-1) Tdll show; No. 2 quaUty having 20 per *^^ ^^"^*» ^^ ^^ ^""^ " ^""^^ •- 
cent, and No. 8 quality 15 per cent of scrap Tensllfi Co mpwid oa 

^'- Na.3 . . fi'i'o.onc K«»,^ 

\, ^b»r$ 9ft, Uag, iia. »pm .Bm Wis So.i . . 10-47 „ WH > 
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and cold blasts, which, as we have 
noticed in considering tension and com- 
pression, slightly affect some kinds of the 
metal. The subjoined little table affords 
at one view all the results obtained by 
this proceeding. 



(< 



Kind of iron. 


Ratio of strenrth, 
that of the cold 

blast being repre- 
sented by lOOa 


Carron iron, No. 2 . . . 
Devon do.. No. 8 . . . 
Buflfery do.. No. 1 . . . 
Coed Talon do.. No. 2 . 
Coed Talon do.. No. 8 . 
Elsicar and Milton do. 
Carron do.. No. 8 . . . 
Muirkirk do.. No. 1 . . 


1000 : 990-9 
1000 : jr416-9 
1000 : 930-7 
1000 : 1007 
1000 : 927 
1000 : 818 
1000 : 1181 
1000 : 927 


Mean .... 


1000 : 1024-8 



This appearance is nearly peculiar 
to the whole of the hot-blast irons." 

2. Early in the use of iron girders, it 
was noticed that a simple rectangular 
form was not the most economic. It 
appears that Boulton and Watt in 1800 
used a kind of girder very similar to 
the X form, except that the vertical rib 
was broader as it approached the bottom 
horizontal piece, or flange; and for a 
long period the ±, beam has been in 
general use. Mr. Tredgold, from his 
experiments on cast iron, or, rather, his 
hypothetical views in connection with 




The internal appearance of two irons 
of hot and cold blast smelting, has been 
detailed by Mr. Fairbairn, and is of 
considerable interest '^. 

** The Carron, No. 2, cold blast iron, 
when viewed with the microscope, pre- 
sents a dull grey colour, finely granulated, 
with an appearance of greater porosity 
in the centre than round the extreme 
edges of the fracture. .It is a free 
working iron, easily cut with the turn- 
ing tool, but indicates stiffness under 
the file. 

*• Carron, No. 2, hot blast. This iron 
has nearly the same character in its 
working properties as the above ; it files 
with rather more freedom, and possesses 
an appearance of greater fluidity than 
the cold blast. Colour, a greyish blue, 
accompanied with a greater degree of 
uniformity in its crystalline structure 
than the cold blast. 

"Buffery, No. 1, cold blast, is finer 
grained than either of the Carron irons. 
It is chiefly composed of minute granules 
intermixed with small brown specks: 
it works with less fireedom than the hot 
blast, and cuts with difficulty under the 
tool. In this respect it is much akin to 
the Milton iron, described in Mr. Fair- 
bairn's paper. 

« BuSOTery, No. 1, hot blast, has a 
similar appearance to the.Carron, No. 2, 
cold blast; it has more lustre than Buf- 
fery, No. 1, cold blast; the crystals are 
widely separated in the centre, but more 
compact as they approach the outer 
edge of the bar. 



* Brit Am. 7th Beport, p. 415. 



them, proposed the figure in the an- 
nexed sectional view as most calculated 
to yield strength : he judged correctly, 
supposing his beam to be under the 
influence of a very moderate pressure, 
but the breaking weight of such a beam 
would be much less than that of one 
arranged according to the powers of the 
material to sustain tension and com- 
pression. Mr. Tredgold thought that 
until the elasticity became injured, the 
powers of resisting tensile and com- 
pressive forces were equal, and that a 
beam with equal upper and lower flanges 
was therefore strongest; but the idea 
of perfect elasticity under one-third of 
the breaking weight proved incorrect: 
it has no truth as regards the breaking 
weight of the beam. A convincing proof 
was obtained by Mr. Hodgkinson, at the 
outset of his research, tliat the tension 
and compression strength were unequal, 
by an experiment on a T shaped beam. 
Two bars, 4^ feet long, and the flange 
4 inches broad, the rib I^th inch deep, 
with a thickness of metal about ith of 
an inch, were tried, one with the flange 
uppermost, and the other with the rib 
uppermost ; they broke as follows *. — 

Breaking 
weight. 

1. T> or flange at top ... 2^ cwt. 

2. J., or flange at bottom . 9 „ 

The ratio of strength in the two was, 
therefore, as 10 : 36 ; or, laying the bar on 
its flange, it bore above three and a half 
times as much as in the former position. 
Mr. Hodgkinson then proceeded to 
determine the best distribution of metal 
in a double-flanged beam, and afix 
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ffradually varying the section in the lower 
flange he arrived at a ratio of section 
which gaY« him nearly half as much 
again of strength, in comparison with the 
equal-flanged beam. The subjoined 
condensed table tracks his progress*: — 

strength per 



No. of 
exp. 


Ratio of 

•ection of 

flanges. 


Area of whole 

section in 

gq. inches. 


aq. inch of 

section in 

lbs. 


1 


1 to 1 


2-82 


2368 


2 


1 to2 


2-87 


2867 


3 


1 to 4 


3*02 


2737 


4 


1 to 4-5 


3-37 


3183 


5 


1 to 5-5 


500 


3346 


6 


1 to 61 


6-40 


4075 



The subjoined figure of this beam is 
from Mr. Hodpkinson's drawing. 

The experimenter found that the 
strength in such a form of beam in- 
creased as the depth, and also as the 
area or size of the bottom flange ; thus, 
the rule given in art. 49 applies here 
when the value of c is found from these 



With the last-mentioned experiment 
(No. 6) the gain of strength became 
two-fifths, while the saving of metal 
amounted to three-tenths. 

In this experiment the width and 
depth of the flanges were as follow :-*- 
top, 2*33 in. wide, 0*31 in. deep; bottom, 
6*67 in. broad, 0*66 in. deep ; the rib 
between was *266 in. thick ; and the 
total depth 5^ inches ; the areas were 
then as follow : — 

area'of top flange :=: *720in. 
area of bottom flange = 4*400 in. 




experiments. It appeared to be 5 1 4 cwt, 
which is a mean between beams cast 
horizontally and erectly, the latter being 
somewhat stronger than the former; 
putting this value into tons, we have 
26 tons as the worth of c, and the rule 
for all beams similar to the above figure 
is — 



T» % . ' Uf ^^ ^ "®* bottom flange X depth 

length 



All these measures of size are sup- 
posed to be in inches f . 

3. There is now abundant evidence 
that the elasticity of a cast-iron beam is 
soon injured, and the deflection goes on 
increasing in relation to the weight. The 
set increases nearly as the square of the 
weight, and also as the square of the 
deflection. Mr. Hodgkinson tried some 
inch square bars, with bearings 4^ feet 
apart, and from 12 kinds of iron ob- 

Weights . 1 

Observed set '0037 

weiffht 
Calculated sets= — ^^ • 



tained the following results : the upper 
row of figures denoting the weights ap- 
plied in half-hundreds, the middle row 
exhibiting the experimentally found 
amounts of sets under each half-hun- 
dred weight, and the lower row show- 
ing the computed set from a formula, 
showing that the square of the weight 
supplies a true calculative law of the 
relation of the weight to the set. 



2 

•0127 



3 
•028 



4 
•049 



5 
•076 



6 
119 



7 

149 



0030 '0122 -027 '049 -073 -110 •149 



Subsequent investigations fully bear 
out the observation that the smallest 
weight causes a set, and that the deflec- 
tion therefore increases more rapidly 
than the weight or load applied. A 
careful experiment lately recorded by 
Mr. Hodgkinson :|:, on a bar 13^ feet long. 



1;^ inch deep, and 3 inches broad, well 
exhibits this increase from the first load; 
by dividing the weights by the deflection 
we obtain the following numbers, which, 
as they decrease in value show the in- 
crease in the deflection above the sim- 
ple proportion to the weight: — 



* Moseley, Mech. Eng., p. 558. t EeporU of the Commissioners appointed 

+ Tredgold'8 Essay on Cast Iron, 2nd part^ to Inquire into the application of Iron to Bail- 
p. 444. «. . . ... 



way Structures. Appendix A. 
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Weight. 

28 lbs. 

56 
112 
168 
224 
280 
336 
392 
448 
504 
560 
616 
672 



Weight 
DeflecooB. 

154-7 
149*2 

148-7 
141-9 
137-8 
133 
1290 

123-7 
119-3 
114-5 
111-2 
106-6 
102-4 



Date of 
Obieryation. 



99 
9» 
t» 
99 

l» 
»» 



1837, March 6 
„ 9 
„ 11 
„ 17 

April 15 
May 31 
Aug. 22 
Nov. 18 

1838, Jan. 8 
„ Marchl2 
„ June 23 

1839, Feb. 7 
„ July 5 
„ Nov. 7 
„ Dec 9 

1840, Feb. 14 
„ April 27 
„ June 6 

Aug. 3 
Sept. 14 

1841, Nov. 22 

1842, April 17 



Tempentnre 

of the air at 

time of obier^ 

vatioQ. 



»> 



»» 



Fahxenheit 



49° 



47 
62 
70 
45 
38 
51 
78 
54 
72 
50 
39 
50 
63 
61 
74 
55 
50 
58 



Weight. 


Weight 
Defleetion. 


728 lbs. 


95-7 


784 


89-8 


840 nearly broke. 


85-0 



4. To discover what effect different 
loads would have, when beams were re- 
tained under their pressure for long 
periods of time, Mr. Fairbaim subjected 
some beams, one inch square in section, 
and 4^ feet long between their supports, 
to from two-thirds to nearly their break- 
ing weight for five years, and noticed 
the succeeding consequences*: — 




Deflexions. 
Load 280 lbs. 

... 

•916 
-980 

•930 
•932 

-937 

•942 

•941 

•945 

•963 

•950 

•959 

•955 

•956 

•955 

•954 

•951 

•953 

1-047 
1^045 



1311! 



Deflexions. 
Load 336 lbs. 

1-267 
1-270 
1-270 

1-271 
1-274 
1-288 
1-285 
1-288 
1-298 
1-316 
1-293 
1-305 
1-303 
1-303 
1-305 
1-309 
1-303 
1-305 
1-305 
1-306 
1-308 




Deflexions. 
Load 448 lbs. 
1-410 
1*413 
1*413 
1-413 . 
1-422 
1-424 
1-438 
1-431 
1-430 
1-439 
1-457 
1-433 
1-446 
1-445 
1-445 
1-446 
1-445 
1*445 
1-447 
1-447 
1-449 
1-449 



After Aug. 3, 1840, it appears that a body must have fallen on the bar, ezp. 1, 

increasing its deflection. 
Bzp. 9 was a hot-blast bar, 1*04 inch deep, and 1*01 inch broad ,- which broke 

down with 392 lbs. Other hot-blast bars also broke with 448 lbs. 



Comparing the third, fourth, and fifth 
columns, there appears to be veir little 
difference in the increase of deflection 
after the first superposition of the load, 
whether two-thirds or most of the 
breaking weight be imposed : taking the 
top row of figures, denoting the deflec- 
tions, and subtracting them from those 
opposite August 3, 1840 — ^giving a space 



of three years and ^ye months — we ob- 
tain the increase of deflection : 

With 280 lbs. -953-. -916 = -037. 
With 336 lbs. 1-305 — 1-267 = -038. 
With 448 lbs. 1-447 — 1-410 = -037. 

The increase of deflection during the 
whole time was, therefore, -037, or 

* Brit Assoc 7th Bep. 
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nearly l-9rd of an inch, and proves, in 
connection with the last article, the im- 
propriety of adopting any rule founded 
on elastic limit, since it is evident that, 
while the elasticity of a har is injured 
at soon as a weight is applied, the par- 
tides or fibres take up nesh positions, 
nntil the antagonistic forces in the beam 
are brought nearly to equality, when 
one-third or two-thurds of the breaking 
weight equally affect the subsequent de- 
flectioii ol* tiie beam. 



5. As temperature so mightfly affects 
the densi^ of bodies, or the relative 
closeness of its atoms, Mr. Fairbaim 
was led to try the effect of great changes 
in this particular on cast-iron beams. 
As the following table will show*, he 
subjected sevend bars of Coed Talon 
iron 2^ feet long and one inch square in 
section, to rather extreme conditions- 
some in ice, or surrounded with snon 
and salt, others in melted lead, or to a 
heat red in the daylight. 



Tcnpent uis* 
Fahrenheit. 


Breaking Weight 


Ratio of the 

strengths of the two 

irons. 


Cold blast 


Hot blast 


160 
26® 


Ne.S Iron. 
Ibi. 

851-0 


NaS Iran, 
lbs. 

800-3 
823-1 


1000 : 967-2 


82° 


meaa 
958-5 r*^^ 


mean 
933-4) 

906-Oj''*^' 


1000 : 977-6 


190° 
Red in the dark 
Perceptibly red ) 
in daylight ./ 


743-1 
723-1 

663-3 


823-6 
829-7 


1000:1108-3 




No. 3 Iron. 

mean 


No. 3 Iron. 




212° 




818-4 


1000 : 885-4 


600° 


mean 


1000 : 847-7 



It would hence appear that up to 
600° the strength of iron remains prac- 
tically perfect, but at a red heat its 
power fails. As in North America and 
elsewhere, beams are subject to a tem- 
perature of 40° below zero, it would 
nave been additionally interesting if the 
table had included an experiment under 
such circumstances. 

(65.) Wrought Iron. — The transverse 
strength of this material is not yet suffi- 
ciently known ; beyond a few railway- 
bar experiments by Mr. Barlow, and 
some scattered observations, there has 
been little done to determine the speci- 



fic strength of solid beams of wrought 
iron ; of iron-plate or tubular beams we 
have, however, a great mass of informa- 
tion, owing to the study of them called 
forth by the proposal of the tubular 
bridges. As a safe material for supports 
of any kind, whether roofs or bridges, 
it is greatly preferable to cast iron, since 
it is so elastic, which it preserves under 
a great pressure, and afibrds such timely 
notice of fracture. 

Mr. Fairbaim tried two girders of 
wrought iron of the double-Sanged or 
X kind, with the following resuksf:^ 



Aieaof 
top flange. 

1. 1 X 2-5 in. 

2. 1 X 2J „ 



Area of 

bottom flange. 

•380 X 4 in. 
•440 X 4-3 „ 



Rib. Length between Defleo- 

Height Thickness. supports. tion. 

7 m. -320 in. lift. -60 

8 ., -350 „ 10 „ -68 



»> 



Weight 
applied. 

12,953 
18,962 

With these weights the experiments was not so well suited to the more due- 
were discontinued, as the beams bent — . — — 

laterally, even to failing, in consequence; • Brit Assoc 7ih Seport, n. 478. 
another beam acted similarly, snowing f AAAocbvn^A&yoC the Tabuisr 

that the common cast-iron girder form ow 248. 
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tile wrought iron. From these trials we 
oUain, taking the area of the bottom 
flange, 

1. «:s4*] tons. 

2. c = 4-7 „ 

ManjT girders are, however, made of 
the double-flanged kind, care being taken 
to stiffen the rib by small plates riveted 
at right angles to it on each side, and 
reaching from the upper to the lower rib. 

A remarkable fact was discovered by 
Mr. Fairbaim in his experiments — that 
the top.flange should have an area double 
that of the lower to give the strongest 
form of beam ; whereas, in cast iron, the 
lower must be above 6 times as great as 
the upper flange to attain the same end. 

In a former treatise (Equilib. of Struct, 
p. 188) will be found a series of calcu- 
lations on Afr. Fairbaim's tubular ex- 
periments, the specific strength / being 



are perfectly aware of the danger of using 
any kind of stone for beams where there 
is much chance of serious or irregular 
pressure ; its weakness in respect to this 
strain is manifest from all experimental 
evidence concerning it. Gauthey states 
the value of S for limestone to be as 
follows :— - 

Hard limestone • . S s= 78 lbs. 
Soft limestone • . S s 69 lbs. 

Mr. Hodgkinson has thus compared 
the tensile, crushing, and transverse 
strength of several lands of stone, the 
power of resisting a crushing force being 
= 1000. 

Teniilc Trantvene. 
Black marble . . 143 10*1 
Italian marble . . 85 10*6 
Rochdale flagstone 104 9*9 

Yorkshire fli^ . . 9*5 



Tons. 
13*34 

16*55 

8*26 



From the circular tubes . . /: 
From the elliptical tubes . • /: 
From the rectangular tubes . /: 

The latter value, however, does not 
fiiirly exhibit the strength of the rectan- 
gular tubes, which can be doubled in 
strength by allowing twice as much area 
in the upper as in the lower side; and 
this modification Mr. Hodgkinson's rules 
do not reach. 

Wrought iron preserves its elastici^ 
much better than cast iron ; an expert- 
ment of Mr. Hodgkinson's, given in the 
Railway Commissioners' Reports, fully 
proves the superior elastic power of the 
material, showing little variation in the 
ratio of deflection to the load, while the 
latter was increased from one-quarter to 
six hundred weight The bar was 13} 
feet long^ 1 incn deep, and 5 inches 
broad. 



Mean . . 104 10*0 
For common brick Mr. Barlow found 
S = 64 lbs. 







Weight 


Weight 




Deflection. 


28 lbs. 




147*4 


56 




145*3 


li2 




145-6 


224 




143-2 


336 




143*3 


448 




145-7 


560 




1461 


672 




1407 


784 




134-6 


896 




126-3 


1008 nearly broke. 


73-0 



(67.) Detausion. — This term has 
been applied to denominate that kind of 
fracture which would occur in the use of 
shears if their edges were blunt, or which 
happens when a heavy wheel breaks its 
shaft close to the support or plummer- 
box, or when the punch of a punching 
machine makes a hole in a plate ; it may 
be commonly termed the resistance to 
shearing across, and from its occurrence 
in machinery deserves investigation. 
Coulomb thought it was equal to the 
force of cohesion, but Robinson sup- 
posed it twice as much. Deal is stated 
to have a strength per square inch of 
section of 592 lbs., in the direction of 
the fibre ; cast iron, 73,000 lbs., as de- 
duced from experiments on the crushing 
of that material; wrought iron from 
45,000 lbs. to 53,000 lbs. 



Stone. 
(66.) Ofthe transverse strength of this 
material litde is officially known, but we 



General Comparison of Strength. 

(68.) We may here add the ratio of 
crushing, tensile, and transverse strength 
in different kinds of materials, which has 
been deduced from all the experiments : 
estimating the resistance to crushing at 
1000, we have for 

Com- Tnuie* 

pnmUm, Tenston. vene. 

Timber. . . 1000 1900 85*1 

Iron, cast . . 1000 158 19*8 

Stone . • . 1000 100 10*0 

Glass . • . 1000 128 10*0 



36S MECHANICS. 

Ch*w«i \^T0M*l0H.-Na{ure of the 't^Jtl^^^^^'ZfTl t, 

J . ^ , T r rrt ' same quantity ot matter ana ot a dia- 

aram^Gencral Law» of Tortum; ^eter to justlfit in the tube. 

'^/"T?'-^' V"^^ "* perimenu on different substances, has 

nvd nu>d«lt.-Camparattve Tor«cn. J^,^^ ^^^ foUowing laws, which must 

(60.) There are frequently strains acting be regarded as naturally true, from the 

on such parts of machinery as axles, fact of their having been evolved from 

shafts, spmdles, and all bodies subject experimental results*: — 
to rotatory movement, which are not c, , • 

explained nor calculable by the prin- Savart s Laws. 

ciples of the tensile, compressing, and 1. Whatever maybe the figure of the 

transverse strains ; they are twisting transverse section of the rod, the arcs 

forces, and tend by a curvilineal motion of torsion are directly proportional to 

to force the longitudinal and straight the moment of the force and the 

fibres of any material into a spiral ar- length. 

rangement Such a twist or torsion, or 2. When the sections of the rods are 

deflection, will be given to very ductile similar, whether circular, triangular, 

or plastic substances ; while brittle and square, or very long rectangles, the arcs 

hard materials, resisting as long as pos- of torsion are in the inverse ratio of the 

sible, will at last suddenly break across, fourth power of the linear dimensions 

or otherwise split, at the weakest part, of the section. 

The strain of torsion is very peculiar ; 3. When the sections are rectangular, 

some have considered it as measurable and the axles possess a uniform elas- 

on the same ground as we should esti- ticity in every direction, the arcs of 

mate a blunt-edged tool by dead pres- torsion are in the inverse ratio of the 

sure, pushing forwards the fibres of a product of the cubes of the transverse 

body and making a hole in it ; it is, how- dimensions divided by the sum of their 

ever, very unlike such a case. squares ; whence it results, that if the 

(70.) Some calculations have indi- width is considerable in comparison with 

cated that the strength of an axle to re- the thickness, the arcs of torsion will be 

sist torsion is as the cube of its diameter; sensibly in the inverse ratio of the 

the strength also increases as the tor- width and the cube of the thickness : 

sion, as the transverse section of the these laws are also correct in circum- 

shafi or axle, and inversely as the length stances where the elasticity is not the 

of the axle. The deflection or angle of same in all directions, 
torsion of a fibre has been found to in- (71.) These laws agree most satis- 

crease as the weight producing the tor- factorily with the calculations of MM. 

sion, — a law similar to that governing Foisson and Cauchy, from which rules 

the deflection or bending of a beam have been given for estimating the de- 

under transverse pressure. flection for torsion, and rupture of 

Hollow beams or tubes are said to be twisted bodies ; they have been quoted 

three times as powerful in resisting tor- by Mr. Hodgkinsont, as follows: — 

Resistance (F) to a twist, Reristance (T) to 

Form of rod. or angular flexure. fracture. 

2/ 2 
Round F = w\ - . T = ti;X . . 

7rr*6 Trr* 

a I ft 

Square F = tt;X . — -. T = w\. 



d*6 V2rf8* 



Rectangular ..F = w\. ^^^^^ . T^w\ ^-^. 

In these formulae, F signifies the spe- strength (see p. 251); the letter w ex- 

cific resistance to turning round, and presses the weight or load acting on the 

must, like S, be determined by ex- 

periment; T also requires an experi- • Annales de Chimie et de Phys. vol. xxxL 

ment to give it a numerical value, since f Tredgold on Cast Iron, 2nd part, p. 496, 

h corresponds with S in transverse 4th edit. 
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rod or axle with any leverage X, in Mr. G. Rennie"^, with cast-iron bars 
inches ; and / denotes the length of the one inch square, and the weights pro- 
rod, r its radius (when circular), b and d ducing torsion acting at the end of a 
its breadth and depth, or thickness when lever three feet long, found one break 
rectangular. The angle through which with 191 lbs. and the other with 231 lbs. 
the fibres twist is here shown bv 6. in the scale, the former being a vertical 
(72.) Several experimenters have af- and the latter an horizontal casting. 

forded means for determining T and F. Then for the 

Mean 
Horizontal casting . . . tf> = 191, and T = 29172'4 lbs.\ qoooT iko 
Vertical casting .... «;=: 231, and T=: 35281-8 J^^^-^'^DS. 

Four experiments of Messrs. Bramah give T =s 27,534 lbs., and a mean of all 
these gives T = 32,503 lbs. 

The rules, then, applied to cast iron become as follows, all the dimensions 

being in inches : — 

51055 r^ 
For a cylinder ..... W = - 



For a square rod . . 
For a rectangular rod 



W=: 



w = 



X 

7661 fl?» 

X 
10834 . b^ rf» 



X >/ 62 + rf2 

(73.) Mr. Bevan f made experiments on a number of different kinds of tim- 
ber, and several on cast and wrought iron and steel; whence he obtains what 
he calb a modulus T of torsion, and gives the following simple rule for find- 
ing the torsion in a square axle or rod : — 

Torsion = ^;^. 

The value of T for several different kinds of timber and iron and steel, as 
given in his paper, is quoted in the subsequent table. 

MODULI OF TOESION. 



Kind of Wood. 

Acacia 

Alder 

Apple 

Ash 

Ash, mountain 

Beech 

Birch 

Box 

Brazil wood 

Cane 

Cedar, scented 

Cherry 

Chestnut, sweet 

Chestnut, horse 

Crab 

Damson 

Deal, Christiana 

Elder 

Elm 

Fir, Scotch 

Hazel 

Holly 

Hornbeam 

Labiumum 

Lance wood * 

Larch 

" • Phih Trans. 1818. 



Sp. grav. 



•796 

•66 

•726 

... 
•449 



•99 
1-06 



•71 

... 
•616 
•763 
... 
•38 
•766 



•83 

... 

•86 

.*. 

1-01 

•68 



Modulus in 
lbs. 



28,293 
16,221 
20,397 
20,300 
13,933 
21,243 
17,250 
80,000 
87,800 

21,600 

12,600 
22,800 
18,360 
22,205 
22,738 
23,600 
11,220 
22,286 
13,500 
13,700 
26,325 
20,543 
26,411 
18,000 
26,245 
18,967 



Remarks. 



Not quite dry. 
Cross-grained. 

Of my own planting. 



Old and very dry. 

Old and very diy. 

( Influenced by the hard sur- 

( &ce8. 



Not quite dry. 

Not quite dry. 
Green, or fresh cut. 



t FhU» Trans. 1829, p. 128. 
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Kind of Wood. 



Lime, oi Linden 

Maple 

Oak, Engliah 

Oaky Huibnigh 

Oak, Dantsio 

Oak (from bog) 

Osier 

Pear 

Pine, St Petenburgh 
Pine, St Petenburgh 

Pine, Memel 

Pine, American 

Plane 

Plum 

Poplar 

Satin wood 

Sallow 

Sycamore 

Teak , 

Teak, Africa 

Walnut , 



Sp. gray. 



•676 
•786 

.«. 
•698 
•686 
•67 

••• 
•72 

... 
.*• 



69 

79 

838 

1^02 

••• 
... 
.•• 
... 
672 



Modulus in 
lbs. 



18,809 
28,947 
20,000 
12,000 
16,600 
14,600 
18,700 
18,115 
10,600 
18,000 
16,000 
14,760 
17,617 
28,700 
9,473 
80,000 
18,600 
22,900 
16,800 
27,800 
19,784 



Partly crow-giained. 



Fresh. 

Four or f&Te years old. 



Old, partially decayed. 



A very interesting fact was noticed 
by Mr. Bevan in his researches, namely, 
tnat the resistance to torsion of timber 
varies nearly as its specific gravity, in- 
somuch that if the specific gravity be 
known, the rule for finding the twist or 
torsion may be thus modified : — 



Torsion ^ 



30000 #rf<* 



9 being the specific gravity of the sub- 
stance. 



(74.) The foUowing little table pre- 
sents a comparative view of the torsion- 
resisting power of several metals : — 

llM. 

Cast steel 19*5 

Shear steel 17 

Blister steel 16*6 

English iron 10-1 

Swedish iron 9*5 

Hard gun metal 5*0 

Fine yellow brass . . • . 4*6 

Copper 4*3 

Tin 1*5 

Lead 1*0 



APPENDIX. 



Experiments on long and short solid and hollow Pillaes of Low Moor (Cast) 
Iron, No. 3 (from Mr. Hodgkinson's Paper in the Philosophical Transactions 
for 1840) ; and on Bars of Cast Iron, showing their transverse strength, by 
Messrs. Fairbaim and Hodgkinson. 

Table I. Solid uniform Cylinders of Cast Iron, with rounded ends. 

Table II. Ditto, with flat ends. 

Table III. Short solid Pillars of Cast Iron, flat at the ends. 

Table IV. Hollow Cylindrical Pillars, flat at the ends, of Low Moor Iron, No. 3. 

Table V. Ditto, rounded at the ends, cast in dry sand. 

Table VI. Hollow uniform Cylindrical Pillars. 

Table VII. Results of Experiments by Messrs. Fairbaim and Hodgkinson on 
Bars of Cast Iron from the principal Iron Works of the United Kingdom. 
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inches. 
60-5 

60-5 



60-5 
60-5 



CO-5 
60-5 



30-25 
30-25 
30-25 



30-25 



30-25 
30-25 



30-26 
30-25 



Table I. — Solid uniform Cylinders of Cast Iron. 
(With rounded ends.) 



20-1666 
20-1666 



201666 
20-1666 



15-125 



15-125 



15-125 



10083 



7-5625 
7-5625 



7-5625 
7-5625 

8-7812 
3-7812 






inch. 
•50 

•50 



•77 
•77 



1-29 
1-30 



•50 
•50 
•50 



•77 



•99 
•99 



1-29 
1-29 



1-00 
102 



01 






] 



inch. 

• • • 

•50 



•77 



1-295 



1 



•50 



•77 
•99 



•785 
•75 



1-29 



1-01 



•767 



•60 



•75 



•99 



•77 



•51 
•49 



•77 
•77 



•76 



•99 



•77 



•60 
•50 



•50 



o 

o o 
"S «> 



-QEOi 



inch. 

•07 

•49 

•04 

•23 



•03 
•17 
•34 
•001 
bent 
•07 



bent 
•16 
•02 
•09 



•02 
•10 



•04 
•13 
•02 
-07 



•01 
•07 
•08 
•21 



•08 
•20 



• • • 

• ■ • 



Is 



g 






lbs. 

68 
113 

97 
136 



2,141 
4,549 
4,997 
2,141 
2,757 
5,445 



248 
472 
304 
472 



1,717 
2,390 



2,745 
4,985 
3,641 

4,985 



12,287 
16,115 
12,287 
16,115 



1,353 
1,801 



60 



ei 



lbs. 
136 
150 



780 
780 



6,149 
5,781 



526 

685 
656 



2,726 



6,105 
6,105 



17,515 
16,955 



15,737 
15,737 



7,255 
5,950 



1,857 



7,786 



19,855 



19,152 



6,188 
4,678 



23,893 
22,003 






lbs. 



143 



780 



1 



6,465 



639 



2,726 



. 6,106 



17,235 



15,737 



6,602 



1,904 



9,223 



19,752 



5,262 



22,948 



Remarks. 



These pillars were cast in 
green sand. 



Pillar weighed 1 9 lbs. 1 4 oz. 



Broke near the middle. 
Broke | inch from middle. 



T : C : : 76 : 23. 

Bent in different directions. 



Neutral line well defined. 
T : C : : 96 : 34. 

Small flaw in tensile part. 



63 : 67. 
65 : 37. 



39 : 11. 



60 : 39. 



32 : 17. 



Split at both ends. 



15,233 V 
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Table II. — Solid uniform Cylinders of Cast Iron. 

(With flat ends.) 



• 

1 


1 

i 

Q 


Mean 
Diameter. 


Deflexion of 
middle of 
Pillar. 


Correspond- 
ing weight. 


Breaking 
weight. 


Mean from 

breaking 

weights. 


Remarks. 


inches. 
60-5 


inch. 
•51 


inch. 
•61 


inch. 

• • * 


lbs. 

• • • 


Ibv 
483 


lbs. 

487 


Had discs 2 in. diam. at 
each end. 


60-6 


•77 


-77 


•07 


1,102 




2,466 




60-6 


101 


•997 


•05 
•14 


4,123 
6,467 


6,971 


. 6,288 




60-5 


1-28 


1-29 


• • • 


• • • 


16,381 


16,064 




60-5 


... 


1-56 


« « • 


• • • 


• • • 


28,962 


A wedge broke out, show- 
ing neutral line. 


80-25 


-50 


• • • 


•05 


1,090 


1,662 






30-26 


•78 


•77 


•08 


4,367 


• •• 


8,811 


61 : 16. Crack at neutral 
line. 


80-25 

• 


• •• 


1-01 


•05 
•07 
•18 


• • • 

21,897 


• • • 

• • • 


20,810 

• « • 


Cracked at neutral line. 
66 : 86. 


20-1666 


• • • 


•61 


• • • 


• • • 


• ■ • 


8,880 




201666 


1-03 


1022 


• • • 


• • • 


32,007 


81,804 


56 : 46. Broke at two 
places near middle. 


15-126 


• • • 


•61 


• • • 


• ■ • 


... 


6,764 


32 : 19. 


15125 
16125 


• • • 

• • • 


-775 
1-00 


• • • 

• • • 


• • • 

• • * 


• • • 

• • • 


21,609 
40,260 




12-1 


• • • 


-60 


• • • 


• • • 


■ • • 


7,195 


8:2. 


12-1 


• • • 


•785 


• • • 


• • • 


• • • 


24,287 


1:1. 


100833 


• • • 


-50 


• » • 


• • • 


• • • 


8,931 


13 : 12. 


10-0833 


• • • 


•768 


• • • 


• • • 


• • • 


25,963 


1:1. Broke in seyeral 
pieces, butalwaysatmiddle. 


7-5625 


• • • 


•60 


• • • 


• • • 


• • • 


11,255 


12 : 13. 


7-5625 


• • • 


•777 


• • • 


• •• 


• • • 


32,007 


4 :6. 


3-7812 


• • • 


•50 


• • • 


• • • 


• • • 


17,468 


20 : 30. Broke in middle, 
but showed a ridge or wedge 
in centre. 


2-0 


• • • 


•62 


• •• 


• • • 


• • • 


22.867 


Bent and cracked half 
across in middle. 


/ i'O , 


... 


•62 


... 


••• 


• •• 


24,616 


Broke by wedge sliding oft 
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Table III Short Solid Pillars of Cast Iron, flat at the ends. 



m 













Calculated 












breaking weight 


Diameter 








Breaking 
weight. 


from formula If 


of 
Pillar. 


Length. 


Value of 6. 


Value of c. 


be 
"= 3c- 












*+T 


in. 


in. 




1 


lbs. 




•50 


121 


8327 


21669 


7,196 


7828 


•50 


10083 


11353 


21669 


8)931 


8872 


•50 


7-6625 


18516 


21559 


11,265 


11508 


•50 


3-7812 


60165 


21669 


17,468 


16992 


•777 


20-166 


16713 


62064 


16,681 


16604 


•776 


15125 


27005 


61797 


21,059 


21241 


•785 


121 


41300 


63142 


24,287 


27043 


•768 


10-083 


52096 


60866 


25,923 


29363 


•777 


7-5625 


88547 


62064 


82,007 


86130 


1-022 


201666 


44218 


90074 


81,804 


86631 


1-00.0 


15126 


66746 


86238 


40,250 


43797 



^l' For the meaning of this formula see p. 248. 

Table IV. — Hollow Cylindrical Pillars, flat at the ends, of Low Moor Iron, 
No. 3. Length of each pillar, 7 feet 6} inches, except otherwise specified. 



d 

M 

H 

o 

• 

1 

1 

2 

3 
4 


Kind of Pillar. 


• 


Weight pro- 
ducing the de- 
flexion. 


Weight with 
which the pillar 
sunk. 


Value of X from 
formula * 

W 


•A 
-? 

1 

3 

• 

1 

4 


Ratio of the 
thickness of 
metal on oppo- 
site sides at the 
place of fracturew 


Remarks. 


IIollow uniform cylin- 
der, name as in exp. 
1 of preceding table. 

External diam. 1*78 in. 

Internal do. 1*21 

Length of cylinder, 
7 ft. 4| in. 

Weight, 31 lbs. 


inch. 
-02 
•03 
•00 
-05 
-20 
•50 
'66 


lbs. 

2,813 

3,821 

Unloaded 

4,829 

12,001 

16,705 

17,489 


lbs. 
17,840 


lbs. 
2973-7 


1 : 6 


The thinner wms 
found to be the 
compressedside. 
- The weight of 
this and every 
subsequent pil- 
lar is the weight 
of the whole 
l»gh of 7ft. 


Cylinder Same as No. 2 
of preceding table. 

External diam. 1-74 in. 

Internal do. 1-187 

Length of cylinder, 
7 ft. 4f in. 

Weight, 30i lbs. 


•12 

•32 

•48 
direction 
changed 

•54 


11,217 
15,137 
16,921 

16,313 


16,706 


3081-5 


7 : 11 


This pillar was 
reduced as No. 
7 of last table, 
with similar ne- 
gative results. 


External diam. 176 in. 
Internal do. 1-18 


Bent. 
•03 
•09 
•36 
•54 

•01 
•19 
•65 


2,141 

2,749 

6,677 

15,233 

16,241 


16,746 


2968-7 


1 : 3 


Reduced as the 
last, or more, 
and gave way 
between middle 
and one end. 


External diam. 1-76 in. 
Internal do. I'll 
Weight, 32 lbs. 


2,237 

16,477 
20,509 


20,957 


3586.9 


1 : 2 


A sound easting. 



* Where W = breaking weight i D . rf. the external and internal diameters \ and < tlNft Vn«&!i!co^^^^^^ 
• pUlar 7 ft. ^ inches long and I inch diameter. 
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Table IW, ^^continucd. 



6. 

M 
U 

o 

d 

'A 

5 
6 

7 

8 
9 

10 

11 


Kind of Pillar. 


Q 


is 

B^S s 


Weight with 
which the pillar 
sunk. 


g 3 

If " 


Ratio of the 
thickness of 
metal on oppo- 
site sides ac the 
place of fracture. 


Remarks. 


External diam. 204 in. 
Internal do. 1'46 
Length, 7 ft. 4* in. 
Weight, 35i lbs. 


inch. 
•04 
•08 
•37 
•62 


Ibi. 

8,589 

14,708 

29,977 

31,601 


lbs. 
32,413 


lbs. 
8573-8 


1 : 1 




External diam. 2'01 in. 
Internal do. 1-3G8 
Length, 7 ft. 
Weight, 371 lbs. 


•03 
•08 
•00 
•38 
'5S 


8,689 

18,667 

Unloaded 

28,353 

29,977 


30,789 


8290^3 


7 : 10 


Small bubble at 
the fracture. 

Cylinder same as 
that in Exp. 3 of 
last table. It was 
made straight, 
its ends firmly 
imbedded, and 
it was reduced as 
in Exp. 2, break- 
ing in the mid- 
dle and at three 
of the reduced 
places. 


External diam. 2 01 in. 
Internal do. 1*415 
Length, 7 ft. 4§in. 
Weight, 36^ lbs. 


Bent 
•10 
•01 
•14 
•25 


4,251 

21,857 

Unloaded 

25,917 

27,641 


28,353 


3214^8 


6 : 11 


External diam. 1*99 in. 
Internal do. 1-31 
Length, 7 ft. 5-8 in. 
Weight before reduc- 
tion, 39 lbs. 


Bent 
•20 
•55 
•90 


1,456 
15,605 
24,205 
26,731 


27,067 


2988-3 


• 

6 : 7 


Reduced as be- 
fore. Broke at a 
small flaw near 
the middle. 


External diam. 2-28 in. 
Internal do. 1*54 
Length, 7 ft. 4 J in. 
Weight, 47 lbs. 






40,569 


3099-0 


4 : 9 


Same as that in 
No. 5, last table; 
it was now re- 
duced as before, 
and broke at 
middle, and at 
one of the re- 
duced places 
near the middle. 


Uniform solid cylinder 
cast in green (moist) 
sand. 

Diameter, 1*76 in. 

Length, 7 ft. 6 ; in. 

Weight, 66 lbs. 


Bent 

Bent 

•35 

•65 


4,185 
10,855 
21,219 
22,787 


23,179 


3116-5 






Uniform solid cylinder 
cast in dry sand. 
Diameter, 1*72 in. 
Length, 6 ft. 6| in. 
Weight, 63 Jibs. 


•20 
•28 
•44 
•65 


16,115 
18,355 
20,695 
21,715 


21,995 


3207-7 
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Table V. — Hollow Cylindrical Pillars, rounded at the ends, of Low Moor Iron, 
No. 3, cast in dry sand ; length of cylinder, 7 feet OJ inches. 



• 

4iJ 






1 




Value of 




k! 




§ 


Mc 


««*. 


4r from 




No. of 
experim 


Kind of Pillar. 


.2 

Q 


♦J 5 


C3 U 

1 


formula » 
r- W 


Remarks. 


jj3.7«.^76 




inch. 


lbs. 


lbs. 


lbs. 




1 


External diam. 1*78 in. 


•03 


2,237 






With 5585 lbs. the pU- 




Internal do. 1'21 


•32 


4,829 






lar sunk, but was not 




Weightof cylinder, 31 lbs. 


•49 


6,333 


5,585 


83^37 


allowed to break. Its 


1 










elasticity was very lit- 














tle injured, and after- 














wards showed no de- 


■ 
2 












fect of strength. 


External diam. 1'74 in. 


•02 


2,141 






Sunk with 5711 lbs. 




Internal do. 1-187 


•13 


4,325 








3 


Weight, SCi lbs. 


•48 
•04 


5,585 


5,711 


93313 




E^cternal diam. 2*01 in. 


2,237 






The thickness of the 




Internal do. 1*1415 


•31 


6,845 






metal at the fracture 




Weight, 36i lbs. 


•75 


8,105 


8,357 


826^20 


was on opposite sides 


4 












as 19 to 42. 


External diam. 2 '33 in. 


•24 


11,169 






Thickness of metal on 


, 


Internal do. 1*70 


•37 


12,737 






opposite sides nearly 




\Yeight, 46i lbs. 


•72 


14,697 


15,089 


903^28 


as 1 to 4; the thin 


5 












side was compressed. 


External diam. 2-23 in. 


•01 


2,237 








• 


Internal do. 1'54 


•22 


8,357 








6 


Weight, 47 Ibg. 


•69 
•015 


12,137 


12,389 


808^21 




External diam. 2*24 in. 


2,141 










Internal do. 1*735 


•34 


12,445 








.7 


Weight, 34f lbs. 


•38 


12,669 


13,841 


1041-7 




External diam. 2*24 in. 


•02 


4,325 






The pillar was reduced 


• . 


Internal do. 1*58 


•21 


13,521 


18,913 


917-62 


to half its thickness 
at the ends, and 3-4th8 
at half-way between 


• 












middle and ends,with- 
out failing in the re- 
duced parts. Sunk 


8 




•01^ 








by bending. 


External diam. 2*49 in. 


4,123 






Keduced as before, and 




Internal do. 1*89 


•40 


18,623 






bent. 


9 


Weight, 48| lbs. 


•52 


19,239 


19,855 


996-24 




External diam. 2*47 in. 


•01? 


3,211 






At the place of fracture 




Internal do. 1*98 


•23 


17,391 






the opposites were in 


10 


Weight, 41 lbs. 


•62 


18,667 


19,003 


1123-5 


thickness as 7 to 9. 


External diam. 2*46 in. 


Bent 


2,141 






Thickness of sides at 




Internal do. 155 


•04 


9,103 






fracture as 3 to 4. 




Weight, 49 lbs. 


•49 


18,0S3 












•65 


18,615 


19,147 


989-95 





* Where W = the breaking weight ; D, d, the external and internal diameters of the 
pillar; and x the breaking weight cf a pillar 7 ft. 6| in. long and 1 YCAVLY(k.^\Q9DEkftNKx« 
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Table \,~^coniinued. 



«1 

it 

11 

18 
14 

15 
16 

17 
18 
19 


Kind of Pillar. 


1 


Weight pro- 
ducing the 
defleiuoD. 


Breaking 
pretiure. 


Value of s 
trom formula 
W 


Rcmsrlcs. 


*-^4.W,^7l 


External diam. 2*73 in. 
Internal do. 217 
Weight, 48 Ibi. 


inch. 
Bent 
•03 

•70 


lbs. 
8,608 
12,105 
22,787 . 


lbs. 
23,963 


ll». 

949-48 




Bxtemal diam, 2'74 in. 
Internal do. 2*155 
Weight, 51 ilbi. 


•02 

•14 

1-10 


8,603 
21,219 
27,491 


27,883 


1059-5 


Thickness of metal at 
fractare as 2 to 3 
nearly. 


Bxtemal diam. 8*01 in. 
Internal do. 2*48 
Weight, 50^ Ibi. 


•07 
•23 
•75 

•09 

•32 

1-10 

Bent 
•09 
•30 
•90 

1-07 


16,115 
21,219 
25,923 


26,707 


819-46 


Thickness of metal at 
fracture as 9 to 15. 


External diam. 3*36 in. 
Internal do. 2'823 
Weight, 691 Ibi. 


16,115 
30,627 
40,335 

• 


40,973 


89502 


Thickness of metal at 
fracture as 19 to 34. 


External diam. 3*36 in. 
Internal do. 2*63 
Weight, 77! Iba. 


8,855 

16,115 
33,424 
40,611 
49«494 


60,477 


880-11 


Thickness of metal at 
fracture as 5 to 7. 


Solid uniform pillar, 

rounded at the ends. 
Diameter, 2*24 in. 
Weight, 93 lb«. 


Bent 
•02 
•26 


2,141 

7,641 

20,278 


21,281 


2026-6 
927-86 




Shorter Pillars. 

External diam. 1*78 in. 
Internal do. 121 
Length, 4 ft. 9 in. 




18,693 




External diam. 2-31 in. 
Internal da 1*67 
Length, 4 ft. 9 in. 






86,382 


1006-3 


Thickness of metal at 
fracture as 10 to 21. 


External diam. 1*85 in. 
Internal do. 1*36 
Length, 2 ft 7 in. 
Weight of 2 ft. 5 in. = 
8 ibs. 15^ oz. 


•35 


32,587 


38,763 


784-9 


Thickness of metal at 
fracture as 11 to 15. 

1 

1 
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Abutments of bridges, foundations of 156 

irregular thickness of 187 

of "old bridges , . . , 157 

Accelerated motion, analytical determination of , . • • . .41 

manner of calculating 13 

Accelerating forces, nature of" , . ,12 

Acceleration of a wheel and axle, acted on by a weight .... 31 
Addendum of teeth ........... 53 

Air, resistance of, to moving bodies . . • 25 

America, rope bridges of 208 

Angers suspension bridge, fall of . . .' 212 

Angle of resistance, the limiting . . • 107 

Angles of a frame, effect of pressure on . • . , . . , 1 20 
Angular velocity of a rotating body . . • . . . . .27 

Annular wheels . . ^ 48 

Applegath and Cowper's printing machine 83 

Applegath's patent printing machine Ill 

Arc, circular, as a figure for arches . . . « . . , . 1 52 

Arch, the angular 144 

calculations of rupture in the 147 

the loaded catenarian 146 

with circular intrados . . • . . . , . .145 

effect of loading the crown of an 149 

very heavy haunches 149 

flat (plate bande) • . . . 144 

laying out of, for building 152 

elliptical . . . . , , . 146 

with level roadway 145 

line of pressure in 150 

parabolic 146 

Perronet's observation of its settlement . . . . , .150 

— — point of rupture in the . 151 

its practical character .......... 151 

Kobison's observation of rupture in the 1 51 

sinking of the, on removal of the centre 138 

turning of about the upper edges at the cro^m . . . . .153 

Arch-stones, conditions required to slide on each other . . . .147 

of turning on each other . . , , .143 

laying of on the centres 158 

— — tlucknesa of in different bridges . . . . , .159 

Arcole, bridge of, noticed 226 

Argentino, (theatre), roof of 128 

Asia, central, rope bridges of 201 

Axes of rotation, spontaneous . . 34 

three principal 35 

Axis of rotation, rotation of a body round the shortest when free . . 3G 

Axis, pressure on, in a rotating loaded wheel 32 

rotation about fixed 20 



8U INDEX. 

Pa OB 
Axle and vhae\ proportioiuil diameter of to ithd a weight in the ahortest 

time 33 

Ailea, MoUon of 107,110 

Ball, motlona of, frhea stmck oot of the direction of the centre of gravity . 35 

Idmberg, timber bridgs at 175 

IJqoiJ wheels «3 

Ititrlon'e experiments on the tenulc strength of Umbcr .... 239 

li.iireliug (lathe-work) 75 

ISoams, cast-iron, Btrongest section of 180 

deflection of 2Si 

hidden knots and faults in, to discover ]30 

rules for calculating the strength of 261 

Bupportod at one and both onds, rales and best forma for . . 263 

Bell-crank lever .... 69 

Tiovan'a experiments on toroton ..<...,.. 269 

Dorol-wheels 46 

application of the cpicjcloid for the teeth of ... 63 

Bhootan, cliain tiridgea in 20S 

Bimungbam ^catre, roof-trupfl of ....;.. . 12fl 

Biahopweanaoulh, iron hridgo 205 

Blackfrittta bridge, uri'hes of 145, 152 

centre of 137 

thickness of tho aruhstonee of 169 

Bolts of suspension bridgt^ chuns, strength of 214 

Bones, tubular Elructarc of 260 

Boston, iron bridge at ._ 207 

Bourbon, BuspcQsion bridge in Island of ; . 226 

Bow-and-atring rafter roof 124 

Uow-drili 69 

Bracket, strength of 121 

Briant'a Cimher-prcsorvin^ solution 168 

lirick, M & material for bridge building 151 

Bridge, over tho Adda, Milan 1 58 

Blackfriars 137, 138, 1*5, 162, 169 

Bow 138 

Cheater (new) 138, 169, 162 

EsBEi (Dublin) 138 

Gloucester Oyer 153, 169 

. Huteheaon (Glasgow) 169 

Hexham (faulty foundatious) 164 

Lary inenr Plymouth) . . ■ 164 

over the Lea Cot, Eastern Counties Railway 169 

London 138,155,156,167,169,184 

at Maidenhead (Kailnay) 157, 163 

at Uantes 138 

8L Maience 167 

Neuilly 137,138,158,159 

over the Taaf (Pont y pryd) ,.,.... 149, 159, 167 

Kibble, abutment of 166 

Tonguclind 159 

Toolouao 159 

of the Santisaima Trinita (Florence) 167 

Turin (over the Dor-i) 138, 159, 16* 

Victoria (Durhttmltailw.lv) 169 

Waterloo . . : 138,169,167 

Wcllcsley (Limeriek) spandrels of 168 

WeMralnater 230, 155, 156, 168 

(timber) at Bambci^ 175 

over tho Ciamone (Ttalj) 172 

Clyde (Glasgow) 171 

James River Falls (lattice) 175 

at Kandel (Bcme) 171 

near Kondy (Ceylon) 17* 



Bridge (timber), Iiodykirk and Koriuun ITS 

Migntron'H proj'OMd (nt Paris) 130 

— oviir tUe OuoudarJ. Ureet Valley, U. S. . . . ,171 

— ■ Ottawa (Canada} 176 

near PortaniouUi, U. 8 17* 

over the Rhino (SiiliaffhauMD) 172 

acLnylkiJI (Philailolpliia, U. S.) . , . . 176 

Tr^an'a, reTJveii bv Mr. Price 174 

at TrenloD, over the Delaware, L'. a .... 177 

over tlio IVhiluddcr (girder) 170 

(iron) Bisliopwoiirmoulh 205 

Botton 207 

Britannia (MenM Strait) tubular 184 

Buildwaa, over tlie Severn 306 

HussE's wraagbt-iroo girder 182 

Colobrook-dalo, over tho Sovern 20* 

Conway (tubular) 193, 204 

over the Deo (Cheater), fell of 1T9 

Dublin and Drogheda Eailway (Uttice) 182 

aninaborougb (tubular girder) 188 

Oalton .207 

Southwark . . . . 208 

Tewkesbury 207 

(BHspensiont Arcole (Paris) 228 

Belu-a 218 

Broughton, fall of 211 

Brown'H (Capt.) 214 

in the Isle of Bourbon 214,228 

Freiburg 217 

Hnmincrsniith 214, 216, 225 

Huni^Tford Morbut 214, 216, 224 

Jlen^i iitr;iit 213, 214, 220 

over the Biagan 225 

Schuvlkill lataract 218 

Union, over the Tweed .... 214,215,228 

orer the Teea (Yorkshire) 208 

Bridgea, eentcringa. for arches of 135 

of cuncd timber arches 173 

rulwaterdfor 155 

forms of nidics for 162 

Dredge'a form of suspension 227 

foundations of piers and abutments 163 

general character of . , . .161 

girder 169, 179 

lattice girder 169,182 

■ — laying the arcb courses of 168 

materials used in building 161 

— of stone < . . 161 

^—~ timber 188 

~ iron 177 

RemmgtoB'a method of conBtructing 170 

tables of the prinoipul 230 

Brighton BuepeDsiou pier, broken by a atorm 213 

Britannia tubular bridge 184 

Buildwaa iron bridge 207 

Buff wheels (friction) for varying wheel 68 

Bumett'a proceas for preserving limber J68 

TJuBse's wrought^iron bridge 182 

Brown's (Capt.) chaia liaka 214 

Buffon'9 rcmarka on traQHVorsD Btrengtli of wood 281 

CiuBsonfl, making foundations by 155 

Cam wheels fil, 66 

Cannon batt, rcustonce of air to the Sight of 23 
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Paob 

Catenarian arch, the loaded 146 

Catenary curve, form and principles of ..*... . 209 

Centres, principles of . » 135 

removal of 188 

Centering of Blackfriars' bridge . . . . * . . . .187 
■■ Chester new bridge ..«.*.... 162 

London bridge • . . . . 188 

• Neuilly bridge ..«..•*... 187 

Turin bridge 162 

Centrifugal force, calculation of 87 

■ at earth's equator 88 

on raihvays neutralised 40 

Chains for suspension bridges • • . . 214 

thrust of, on the towers of a bridge 214 

Chester new bridge, description of . . . * . . . .162 

Chester railway bridge, fall of » . .180 

China bridges in Asia and America ...•.».. 207 

chain bridges in «... 208 

Circle, centre of gyration in the «..«.•».. 80 

three principal axes of rotation in . • i . . . . 85 

moment of inertia of, to find » . . 42 

Circular arcs, arches of • i . .152 

Cismone, bridge over the i . ^ . 172 

Claus's proposed wooden arch . . . . « . * * .173 
Coiferdams for laying foundations in water . . « . . .155 

Cohesion as affecting the strength of materials 233 

Colebrook-dale iron bridge ....«.«..• 203 
CoUadon's dynamometer ... * • • • » . . .97 

Collier's wheel-cutting machine 86 

Collision of bodies • 8 

Compensating pendulum, the ....*.... 21 

Compression of iron tubes i . . . 243 

■ pillars of iron, wood, and Bto&o «... 245, 271 

laws of rupture by 240 

' tensile strength of cast iron compared « . . . . 243 

— ; of wrought iron ......... 243 

Cones, friction * 65 

Connecticut river, bridge over . . . * . . . . .171 

Convertible pendulum, the 29 

Conway tubular bridge 193, 203 

suspension bridge 223 

Corrosive sublimate for preserving timber . 1 68 

Corrugation, strengthening plate by 187 

Cost of bridges 160, 164, 166 

Coulomb's investigation of the arch ^146 

Coupling, Higson's friction ......... 70 

Couplings for driving shafts 69 

Crank and conn^ting-rod 59 

Crown of an arch, effect of loading 149 

wheels 46, 65 

Crushing of cast iron 242 

' physical circumstances of 241 

of wood 241 

stone 243 

Curb roof 126 

Curve, motion in a 16 

Curved timber for bridge arches . . . . . . . .• . 173 

roofs 130 

Cutwaters, forms of 155 

Cycloid, principle of ... 1 7 

Cycloidal pendulum 17 

■ teeth for rack and trundle 51 

Cylindrical tubular girder, formula for strength </ . # . 188 



INDEX. ^87 

Definition of dynamics 1 

Deflection of loaded beams . 254 

injury to elasticity by . . . ... , , , 265 

of railway bars from the passage of carriages . . « . 256 

Delaware, timber bridge over the (U. S.) 117 

Delorme's curved timber roof-truss 130 

domical roofs 134 

Density, definition of • . . 1 

Detrusion » . 267 

Dolcoath mine, time of oscillation of a pcndulam in 18 

Dome, nature of 134 

of the church of the Mad. della Saluta 134 

over the Edinburgh Register Oifice 185 

Halle aux BlSs 134 

of the Pantheon ." 185 

Drill, common bow * . 59 

Drilling machine * • . 84 

Whitworth's self-acting ♦ . 86 

Drury-lane theatre, roof- truss of . . . . . . . » .129 

Dry-rot, prevention of 168 

Dirfour's experiment on iron wire . . • . . , , ,217 

Duhamel's experiments on cut-beams ....«.., 251 

Dynamics, historical notice of • • • . 43 

Dynamometer, CoUadon's lever 97 

Morin's self-registering . . . « . . 102, 103 

Prony's friction , . • 96 

Regnier's «... 94 

Earth, centrifugal force at equator of ..••••«• 88 

time of revolution of a body round it at the surface . , .38 

Eccentric wheels, varieties of • . CO 

Edinburgh Register Oflice, dome over 135 

Edwards, builder of the Pont y pryd 159, 167 

Elasticity, determination of 8 

practical nature and moduli of ...... . 233 

for different substances ........ 234 

of beams, injury of by deflection ...... 266 

cast iron 264 

wrought iron . 267 

Elevation above the sea-level, effect of on the pendulum • . . .18 

Ellipse as a figure for arches .162 

three principal axes of rotation in .36 

Elliptical arch (flat) drawing of . .162 

with the arcMvolt a circular arc . • • . . 153, 165 

thrust of on abutments . . • • . • .166 

■ the 146 

tubular girders, formula for 188 

wheels, for variable velocity ........ 66 

Encaissement, laying foundation by 154 

Epicycloid, application of to bevelled wheels ..<•.. 59 

' generation of for teeth of wheels .•••«. 49 

Equilibrium of three forces .117 

(See Frames, Hoofs, Domes, Centres, WaU^, and Bridge^,) 

Face turning • « . « 75 

Fairbaim's experiments on effect of temperature on cast iron beams . . 266 

transverse strength of cast iron . . 262,278 

impact , 256 

the tensile strength of rolled iron plates . . 238 

hot and cold blast iron .... 287, 266 

for the tubular bridges . • • * .185 

patent tubular girders 182 

Falling bodies, laws of . . . 18 

Fastening of chains in suspension bridges • t •215 
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1.1 ' Pao« 

Finla/s suspension bridge 216 

Plat arch, laying out of 162 

Force, accelerating 12 

nature of 1 

Forces, effect of two 3 

equilibrium of three 117 

moment of 118 

parallelogram of 4, 118 

Forge-hammer, centre of percussion in 30, 61 

Nasmyth's patent steam • 79 

Foundations of bridges 153 

London bridge 157, 161 

Framework, principles of 120 

Frazer 8 account of Indian rope bridge 208 

Friction 99 

gear 47 

cones, for varying velocity 65 

clutch, or coupling 70 

• Morin's apparatus and experiments 101 

of axles 107, 110 

tables of, for plane surfaces 108 

Freiburg suspension bridge .217 

Fungi, effect of on wood . . • « 168 

Gainsborough, tubular girder bridge at 1S3 

Galileo's theory of projectiles 24 

transverse strain 250 

Galton, iron bridge at 207 

Gauthey, observation of the falling arch 1 51 

table by, of rupture in arches 151 

Gear, friction 47 

Gearing 57 

Girders, nature of 169 

cast-iron, forms of 179 

effect of long-continued pressure on ... . 268 

of strongest form of section . . , .179, 258, 2G3 

trussed (wood) 170, 258 

(cast-iron) 179 

kinds of 258 

(hollow) of rectangular, elliptical, and circular section, formulas for 

strength of 188 

Glasgow, wooden bridge at 171 

Gloucester Over bridge 153 

Gothic building, buttresses of 140 

Graham's compensating pendulum 21 

Granite used in London bridge 162 

strength of 244 

Gravity, Galileo's experiments on 12 

law of 13 

stability of centre of 119 

calculation of rules for estimating time, space, and velocity . . 41 

Grubenmann's bridges 172 

Gudgeons, friction of 107, 110 

form and strength of 67 

Gyration, determination of centre of 30, 43 

Hall, Capt. Basil, mention of an American rope-bridge .... 2C8 

Halle aux Bliis, roof of 134 

Hammering, influence of, on tenacity of metals 2li9 

Hammersmith subpension bridge 226 

Harrison's compensating pendulum 21 

Haslar Lake (Portsmouth), proposed suspension bridge over . , , 226 

Haunches of an arch, effect of much material in 149 

Headslocks for turning lathes . . , . . . ♦ . • • 73 



nigson'a friction coupline 70 

HisMrical aketeh of tteoretioal dynamics 43 

HodgkinHon on the oxptriments relative to the tabalor btideea . . . 20S 
Hodgkluean's experimuut^ on the Btrength of materiaU (S«e Strength qf 
MaUriala) 

Hoe's bat printing machiDG Bl 

Hooke's wheel *7 

Hollow apandrela (Tclford'a) IfiS 

Hnmboldt, inentign of South American bridge bj 208 

Hangerford Market Buspension bridge 224 

Hypocycloidal teeth for wheels 61 

Impact, lava of 9 

r and motion on 'beams 2S5 

power of hot and cold blaat iron to reaiet 2B8 

of railway carriages on the rails, eiperimentg on . . . .258 

Inclination of rondway in bridges 152 

Inclined plane, motion on 1* 

Inertia, moment of 27, 42 

in beams 251 

of matter 3 

Inflects, tnbuhir skeleton -of 2fi9 

Intermittent motion in -wheclwork flS 

Intrados and eiU^oK of an arch 145 

Iron afl a bridge-buildine material IG2, 177 

archea, expansion of 178 

bridges (See Bridgm.) 

table of 231 

Basse's girder 182 

eipan^on of 152, 178 

oiydation of 178 

sulphate of, to preacrve timber 168 

■ ■- wire, tensile strength of 216 

plate, tensile atrength of 238 

corrngated sliength of 187 

roof tmssea - 133 

cast, character of 237, 263 

comprcaslTC strength of 242 

detruaivB atrangth of 287 

efleet of temperature on . 286 

eioatieitj of 284 

hot and cold blagt, chemical analysis of 263 

pUlara, atrongtb of 246 

tensile atrength of 237 

tranaverse atrength of 281 

torsion of 269 

wrought, compression of 243 

detrusivo Btrcngtb of 287 

elaatiBitj of 267 

teiisila strength of 238 

transverse slrength of 266 

Involute teeth for nek and pinion .61 

of a circle, geoeratioQ of 64 

Jamaica, time of oacillation of ibe pendulam at'. 18 

Jamea Rivet fells, lattice bridge over ' . 170 

Jhoola bridge 207 

Joints of arch etonea, bad fillii^ in of 169 

when affected by a tensile fSrce 23» 

Kandel, bridge over the 171 

Eater's compensating pendulum 22 

Eerfed timber 181 

Eey-stoue of aiches 169 
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Eing-poBt, nature of 125 

Knots in timber beams, to detect 130 

Kyan's timber-preserying process 168 

Ladykirk and Norham bridge 176 

Lamier, roof truss by • 129 

Laiy bridge, foundations of 154 

Lathes, their construction 71 

Latitude, effects of on the pendulum 19 

Latitudes, centrifugal force at different 89 

Lattice bridges, iron • . . . . 182 

timber 170 

Lay6's girder 257 

Lever, the bell-crank 59 

Links (chain bridges), sizes of « < . 214 

Little's printiog machine 91 

Loads on suspension bridges, effect of 211 

London bridge, centre of 138 

description of ...•«.•. . 160 

Long's bridges « . « . . 171 

Lubricants, influence of on friction 107 

Machineiy, elements of < .... 58 

Machine, drilling (Nasmyth's and Whitworth's) 84 

forge hammer, steam (Nasmyth's) 79 

lathe (Scott and Sinclair's) 71 

planing (Whitworth's) .' . 76 

printing 88 

(Little's) 91 

Hoe's fest 94 

Applegath's patent (TtTTies) Ill 

punching and plate cutting (Nasmyth's) 82 

wheel-cutting (Collier's) 86 

Machines, centre of percussion in 80 

Mahavillaganga (Ceylon), bridge over the 174 

Maidenhead (Railway) bridge 157 

Mansarde roof * 126 

Martin's compensating pendulums ~ ... 22 

Mass, definition of « .... 1 

Materials for bridge building 151 

Mathematical illustrations of dynamical problems 40 

M&tura (Magazin de), roof over the 130 

Maxence, St., bridge, abutments of . . . . . . . .157 

Measure of forces, parallelogram for 118 

Medium, effect of, on projectiles 25 

Menai suspension bridge, effect of temperature on 213 

. description of 220 

tubular bridge 184 

Mercury, bichloride of, to preserve wood 168 

Mersey, proposed suspension bridge over . . . • . . .216 

Metal, increased strength of mixtures of 239 

Miers, mention of Chilian rope bridge 208 

Migneron's proposed Pont de la Cit6 . . . < . . . .130 

Mervlius UuihrymanSt or diy rot ........ 168 

Modulus of elasticity 234 

Moment of a force . . . . * « « « « « . 118 

inertia of geometrical figures ...... 42, 254 

a wall supported by a buttress 140 

assisted by a shore ......*. 140 

-— supporting earth . . « . « * . .142 

*■ pressed by a sloping roof 140 

Momentum, calculation of 7 

methods of estimating 11 

Montrose suspension bridge 226 

Morin's friction measuring apparatus 101 
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pAam 

Morin's tachometer 102 

Moscow riding house, roof trass of 130 

Motion, Newton's laws of 8 

parallel 68 

pendulous 22 

progressive and rotatory of a ball struck out of the line through 

its centre 84 

rolling 86 

Movements, mechanical 58 

Mont Blanc, time of oscillation of a pendulum on 18 

Muschenbroek's experiments on wood 236 

Nasmjth's punching and plate-cutting machine 83 

— '■ steam forge-hammer 79 

Neill and Crawford's malleable iron roofe 134 

Neuilly bridge 152, 163 

centre of 137 

Neutral axis, posdtion of, in a girder 169 

nature of 260 

Newton, rule for resistance of air to moving bodies 261 

Newton's laws of motion 3 

Niagara suspension bridge 225 

Nicholson's iron front roof truss 828 

Nogent bridge, Perronet's observation of its settlement . . . .160 

Norman roof 133 

Odontograph, Mr. Willis's 65 

Onondi^ Creek Valley, bridge over 171 

Oscillation, centre of calculated 27, 48 

in a pendulum 29 

Oscillations in suspension bridge from loads and winds . . . .211 

Ottawa, bridge over 176 

Oxydation of iron 178 

Pantheon, dome of the 136 

Palladio's bridge over the Cismone 172 

Parabolic ribs for roof trasses . 131 

path of a projectile 24 

arch 146 

Parallel motion 63 

Parallelogram of forces 4, 40 

the mechanical 118 

Parallelepiped, three principal axes of rotation of 36 

Paris, fall of a suspension bridge at 216 

Pasley's experiments on revetments 141 

Patapsco river railway bridge 173 

Paul, St. (Rome), roof truss of the church of 127 

Pendulous motion in bodies 22 

Pendulum, the convertible 29 

compensating 21 

cycloidal 17 

determination of the length of a seconds' .... 17 

effect of distance from the earth's centre on . . . .18 

a change of latitude on 19 

rules to calculate and correct 18 

principle of the 16 

Percussion, centre of 29, 61 

Permanent axes of rotation 35 

Perronet's observation of settlement in an arch 160 

centre for Neuilly bridge 137 

— — ^— method of removing centres 138 

Pesth, suspension bridge at 225 

Piers, foundations of 153 

various thickness of in bridges 165 

u 2 
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Piles, Wiebekingfs method of preserving 168 

Pillan, strength of^ under compression 245, 271 

of d^erent materiAlSy strength of 249 

Pin-wheels 46 

Piscatagoa, timber bridge over the 174 

Pitch-circle of a wheel 47 

Planing machine (Whitworth's self-acting) 76 

Plate-l]Ande or flat arch 144 

PUteKsntting machine 83 

Polarized light as a detector of the neutral axis 250 

Polygon, the mechanical 129 

timber arches, feult of 172 

Practices of engineers very various in bridge-work .... 157, 159 

Preserving timber, agents for . 168 

Pressure of arch-stones on the centre . 136 

earth against revetments . . • . . . . . 141 

long continued, effect of on pillars 249 

Printing machine, construction of the 88 

the Times Ill 

Progression with rotatory motion 34 

Projectiles, Galileo's theory of 23 

resistance of a medium to 24 

rules to calculate the flight of 24 

Pryd, Pont y, description of .... 167 

r- failure of 149 

Prussian method of bending timber 131 

Pulleys, fast and loose, speeds by 68 

Punching machine 82 

Quito, time of oscillation of a pendulum at 19 

Bafter, angle of inclination of, to give the least pressure on a tie-beam . 125 

bow-and-string 124 

calculation of thrust of, on a roof 124 

Bailway-bars, deflection of, by passing trains 256 

carriages, pendulous motion of . . . * ... 23 

curves, compensation of centrifugal force in 40 

iron roof truss 133 

viaduct, fall of through bad foundations 153 

Baised tie-beams 132 

Bange of projectiles . . . . 24 

Rectangular tubes, great strength of 188 

Kectilinear converted into circular motion 59 

Regnitz, bridge over the 175 

Remington's timber bridges 170 

Rennie's experiments on friction 106 

observation of expansion in the Southwark bridge arches . .178 

values for tensile strength of cast-iron 237 

Resistance of air to projectiles 25 

■ limiting angle of 107 

Revetments, nature of 141 

Reversing movements 62, 77 

Ribs (for timber arches), curvature of 175 

with tie-beams for bridges 177 

Ritter's bridge over the Kandel 171 

Riveting adopted in the Menai tubes 197 

Robison's observation of the falling arch 151 

Rod, the place of its centre of oscUlation 28 

-. gyration 30 

to find its moment of inertia 42 

Roof, bow-and-string rafter 124 

curb or mansarde 126 

curved-beam (Delorme's) 130 

: by M. Lamier 129 



Boof, iron, tt Binninghani (nilw&y) . 

of Birmiiwham theatre 

Dmry Ltme theatre 

the Magadn de la Mltore 

• Moscoir riding house . 

Nonnan 

of St. Paul (Ecme) .... 

the Teatro d'Atgentino . 

fdmplo »fter 

tniig, peneral 

Nicholsoii'B .... 
Bopc 1irid$:ea of central Aua and America . 
Eolation of arch stones on their edges 



Semi-circular arah 145 

calcolation of roptore in 147 

for bridges 162 

SettlomeDt of timber arckoa 174 

Bhafle, conplmg, for driving mttcMneiy SB 

ofwheelwork 67 

Shoree, cslunlation of their effect 140 

Shortest axld, tendency of liodica t« rotate romid the . . . . SS 

Sinking ot arches on removing their ceatns 1S8, 166 

Slide rest, in turning lathes 78, 7a 

Smeaton's cutwaters IGS 

j:rr.)r iu the fcundationa of Hexham bridge . . . . 1S4 

metbod of lightening aroh spandrels 168 

South America, rope bridges in 208 

SonthwiirX bridge 178,208 

Span for suBponsion bridgea 213 

Spandrcla, Bpace (falling bodies) 41 

filling in of, injudicious 168 

of Cheater bridge 163 

— — London bridge 161 

thePontJprjd 148,168 

Turin bridge 166 

— Waterloo bridge 168 

Wellesley (Limerick) bridge 168 

Westminster bridge 188 

Speed-pulleys «B 

Speeds, wheels for giving three 67 

Sphere, its three principles, axes of rotation 35 

moment of inertia 42 

Spindles of wheelwork 67 

Spontaneous rotation, centre of . 34 

Springing course iu the arch 168, 165 

Spur ffhecla 45 

Htabilitj of centra of gravitj 119 

Statics in reference to structorea 117 ■ 

Steam vesselB, dynunomeler fDi.......,,e7 
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Wheels, Hooke's 47 

with internal pinion 63 

instnunents to describe the teeth of 56 

pin 46 

pitch circle of 47 

■ ■ and racks 51 

pair of (ordinaiy construction) 53 

(toothed) to set out 48 

for transmitting two speeds 67 

White's 63 

Wheelwork 45 

Whitadder, bridge oyer the 170 

Whitworth's planing machine 76 

drilling and boring machine 85 

Wiebeking's bridges 174 

method of preserring piles in water 168 

Willis's odontograph 56 

Windlass, stabiUty of 120 

Winds, effect of on tubular and Suspension bridges . . . 202, 213, 222 

Wire rope for suspension bridges . . 214 

Wood, as a bridge-building material 152, 168 

preservaUon of, against fimgi 168 

transyerse strengUi of 268 

tensile strength of 236 

' compression, strength of 241 

' bridge of (See Bridges). 

Zinc, bichloride of, for presenring timber • • • 168 
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Steins of plants, tubular form of 260 

Stirling's cast iron ^ , , , 262 

Stone, as a material for bridge building ....... 152 

bridges, table of 230 

compression, strength of . • 243 

physical character of 244 

equilibrium of structures in 139 

pillars, strength of 248 

transverse strength of 267 

Storms, effect of, on suspension and other bridges . • 194, 202, 218, 222 

Strength of a beam, to estimate 257 

general comparison of 267 

of materials .......... 23S 

Struts in a roof, function of ........ . 125 

Suspension bridges of Asia and America ....... 207 

principles of 208 

table of 232 

See Bridges, 

T(£chometer, Morin's 102 

Tarabita (rope suspension bridge) 208 

Tees, early chain bridge oyer 208 

Teeth, addendum of 53 

forms of, for wheels 49, 55 

■ rack and pinion 61 

— trundle ........ 51 

least number for wheel and pinion 51 

relative number of in a pair for different arcs of action ... 52 

strength of 57 

Telford's cutwaters 155 

Saved foundations for piers 155 

ght spandrels 158 

experiments on strength of iron bars . . . . • .216 

iron wire 219 

Temperature, effect of on suspension bridges 213 

the Conway tube 194 

pendulum . . . . . .20 

Tenacity of metals increased by hammering 239 

Tensile strength of cast iron 237 

wrought iron 238 

iron wire 239 

plate 238 

mixed metals 239 

riveted plates 239 

timber 236 

Tension, laws of 235 

in a chain bridge 209 

variation of 211 

Tewkesbury iron bridge 207 

Tie-beam 123 

TUt hammer 61, 79 

Timber bridges, table of 231 

See Bridges. 

curved for roof-houses 180 

bridge arches 173 

• preserving processes for 168 

Prussian mode of bending 131 

tensile strength of 236 

pillars, strength of 248 

Time, a specific feature in dynamics 1 

of flight of projectiles 24 

descent of a body by gravity 18, 41 

Times printing machine • • 111 

Tongueland bridge, hollow spandrels of 158 



Toreion, principles of 387 

Town's lattice bridges 170 

TranavetBe fltniin 260 

Traverae moTcraGnt 61 

TravcrHing machine 168 

Trcdgold'rt cipcrimentB on cast iron 2S7, 262, 263 

Treatle bridges 171, 181 

Trezzo (MiLui) aacieat bridge at 168 

Triangular framing, atrength of 122 

Trinita (SactiBBiiaa) bridge at Florauce 167 

Trnndle . . 16 

Tniased girdcra (See Oirdert.) 

TruBBea for bridge Bpana 171 

Tubee, ability o^ to reaiet etrftina 202 

- — ~ compreaaion, atreugth of . . ' 243 

Tabular girdcra, Fairbaim'e patent 183 

formuin to calculftte trtrength of 188 

comparieDnifith Rolid ' . 260 

bridges over the Conwaj riTflt »nd lltmi itraita , . . .18* 

etmctnrea in nature 269 

Turin, bridse at 161 

Taming-latbs 73 

Unguents, effect of in reducing friction 107 

Umform motion 2 

of two bodies, their local relation afler a lapse of time 6 

Union BUBpenaion bridge over the Tweed 228 

TJtJca and Syracuse railway bridge 171 

Telocity of falling bcdiee, to find 18, 11 

combination in wheel-work 6* 

nature of 2 

of projectiles, overcome by the resietance of the air . . .26 

a rolling body S6 

angular, of rotating bodies 17 

— of wbeola, to produce variable 66 

Yibrstion, effect of, on wrouglit iron 179 

of ausponsion hridgea 311 

Ticat'a experiments on iron wire 86 

Walla, church HO 

. carved, on London and Biimingliam Bailwsj 113 

equilibrium of 139 

under any presaore Ill 

sapportedlir butlrcsaca 110 

Water. cUipti co-circular urch to ftcilitat* paaaage of 163 

"Waterloo bridge 168, 167 

Wellealey bridge spandrels 163 

Wemwag's bridge over the SchuyU:iU (U.S.) 176 

"Westminster bridge 162, 1G6, 168 

Wheel and axle, oceeleration of by motion of throngh veighla ... 31 

presanre of suspended weight on the apindla of when re- 
volving S2 

proportiona o^ to ndse a weight in the aliorteat time . . 33 
Wheela, tumulac 16 

beveUed 18, 68 

band 63 

boff (frioUon) 17, 66 

centre of gyration in 30 

crown 18, 66 

eccentric 60 

with epicydoldal teeth 19 

-' with iuvolot* teeth M 
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